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ABSTRACT

CRISPR/Cas9 systems are a versatile tool for

genome editing due to the highly efficient target-

ing of DNA sequences complementary to their RNA

guide strands. However, it has been shown that RNA-

guided Cas9 nuclease cleaves genomic DNA se-

quences containing mismatches to the guide strand.

A better understanding of the CRISPR/Cas9 speci-

ficity is needed to minimize off-target cleavage in

large mammalian genomes. Here we show that ge-

nomic sites could be cleaved by CRISPR/Cas9 sys-

tems when DNA sequences contain insertions (‘DNA

bulge’) or deletions (‘RNA bulge’) compared to the

RNA guide strand, and Cas9 nickases used for paired

nicking can also tolerate bulges in one of the guide

strands. Variants of single-guide RNAs (sgRNAs)

for four endogenous loci were used as model sys-

tems, and their cleavage activities were quantified

at different positions with 1- to 5-bp bulges. We fur-

ther investigated 114 putative genomic off-target loci

of 27 different sgRNAs and confirmed 15 off-target

sites, each harboring a single-base bulge and one

to three mismatches to the guide strand. Our results

strongly indicate the need to perform comprehensive

off-target analysis related to DNA and sgRNA bulges

in addition to base mismatches, and suggest specific

guidelines for reducing potential off-target cleavage.

INTRODUCTION

Advances with engineered nucleases allow high-ef�ciency,
targeted gene editing in numerous organisms, primary
cells and cell lines. Gene editing was used to create user-

de�ned cells, model animals and gene-modi�ed stem cells
with novel characteristics that can be used for gene func-
tional studies disease modeling and therapeutic applica-
tions. Clustered regularly interspaced short palindromic re-
peats (CRISPR) and CRISPR-associated (Cas) proteins
constitute a bacterial defense system that cleaves invading
foreign nucleic acids (1–8). Chimeric single-guided RNAs
(sgRNAs) based onCRISPR (9) have been engineered to di-
rect the Cas9 nuclease to cleave complementary genomic se-
quences when followed by a 5′-NGG protospacer-adjacent
motif (PAM) in eukaryotic cells (10–12). Since gene tar-
geting by CRISPR/Cas9 is directed by base pairing, such
that only the short 20-nt sequence of the sgRNA needs to
be changed for different target sites, CRISPR/Cas systems
enable simultaneous targeting of multiple deoxyribonucleic
acid (DNA) sequences and robust gene modi�cation (9–
11,13–18).
Endogenous DNA sequences followed by a PAM se-

quence can be targeted for cleavage by designing a ∼20-
nt sequence of the sgRNA complementary to the tar-
get. However, other sequences in the genome may also
be cleaved non-speci�cally, and such off-target cleavage by
CRISPR/Cas systems remains a major concern. Gener-
ally speaking, there is a partial match between the on- and
off-target sites and the differences between the on- and
off-target sequences can be grouped into three cases: (a)
same length but with base mismatches; (b) off-target site
has one or more bases missing (‘deletions’); (c) off-target
site has one or more extra bases (‘insertions’). Recent stud-
ies have shown that CRISPR/Cas9 systems non-speci�cally
cleave genomic DNA sequences containing base-pair mis-
matches (case a) generating off-target mutations in mam-
malian cells with considerable frequencies (19–24). Mis-
matches in the PAM sequence are less tolerated, although
Cas9 also recognizes an alternativeNAGPAMwith low fre-
quency (20,23,25). In addition, Cas9 off-target cleavage at a
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similar gene sequence with a base pair mismatch may lead
to gross chromosomal deletions with high frequencies, as
demonstrated by the deletion of the 7-kb sequence between
two cleavage sites inHBB andHBD, respectively (22). These
results indicate that, although Cas9 speci�city extends past
the 7–12 bp seed sequence (20,21), off-target effects may
limit the applications of Cas9-mediated gene modi�cation,
especially in large mammalian genomes that contain multi-
ple DNA sequences differing by only a few mismatches. A
recent report revealed that 99.96% of the sites previously as-
sumed to be unique Cas9 targets in human exons may have
potential off-target sites containing a functional (NAG or
NGG) PAM and one single-base mismatch compared with
the on-target site (23).

In this work, we investigated the above-mentioned cases
(b) and (c) of potential CRISPR/Cas9 off-target cleavage
in human cells by systematically varying sgRNAs at differ-
ent positions throughout the guide sequence tomimic inser-
tions or deletions between off-target sequences and RNA
guide strand. To avoid confusion, for single-base insertions,
we use a ‘DNA bulge’ to represent the extra, unpaired
base in the DNA sequence compared with the guide se-
quence. Similarly, for single-base deletions, we use a ‘RNA
bulge’ to represent the extra, unpaired base in the guide
sequence compared with the DNA sequence (Figure 1).
Therefore, adding a base into the guide RNA would result
in an RNA bulge, while removing a base in the guide strand
can be used to model a DNA bulge. The cleavage activity
of RNA-guided Cas9 at endogenous loci in HEK293T cells
transfected with plasmids encoding Cas9 and sgRNA vari-
ants was quanti�ed as the mutation rates induced by Non-
Homologous End Joining (NHEJ).We found that off-target
cleavage resulted from the sgRNA variants occurred with
DNA bulge or sgRNA bulge at multiple positions in the
guide strands, sometimes at levels comparable to or even
higher than those of original sgRNAs.We further examined
the Cas9-mediated mutagenesis at 114 potential off-target
loci in the human genome carrying single-base DNA bulges
or sgRNA bulges together with a range of base mismatches,
and con�rmed 15 off-target sites with mutation frequencies
up to 45.5%. Our results clearly indicate the need to search
for genomic sites with base-pair mismatches, insertions and
deletions compared with the guide RNA sequence in an-
alyzing CRISPR/Cas9 off-target activity and in designing
RNA guide strands for targeting speci�c genomic sites.

MATERIALS AND METHODS

CRISPR/Cas9 plasmid assembly

DNA oligonucleotides containing a G followed by a 19-
nt guide sequence (Supplementary Table S1) were ki-
nased, annealed to create sticky ends and ligated into the
pX330 plasmid that contains the +85 chimeric RNA un-
der the U6 promoter and a Cas9 expression cassette un-
der the CBh promoter (kindly provided by Dr Feng Zhang;
it is also available at Addgene) (26). Variants of sgR-
NAs were constructed and tested with one or more nu-
cleotides inserted or deleted (Supplementary Table S2).
The annealed oligonucleotides have 4-bp overhangs that
are compatible with the ends of BbsI-digested pX330 plas-
mid. Constructed plasmids were sequenced to con�rm the

guide strand region using the primer CRISPR seq (5′-
CGATACAAGGCTGTTAGAGAGATAATTGG-3′).

T7 endonuclease I (T7E1) mutation detection assay for mea-
suring endogenous gene modi�cation rates

The cleavage activity of RNA-guided Cas9 at endogenous
loci was quanti�ed based on the mutation rates result-
ing from the imperfect repair of double-stranded breaks
by NHEJ. In a 24-well plate, 60 000 HEK293T cells per
well were seeded and cultured in Dulbecco’s Modi�ed Ea-
gle Medium (DMEM) media supplemented with 10% Fe-
tal Bovine Serum (FBS) and 2 mM fresh L-glutamine, 24
h prior to transfection. Cells were transfected with 750 ng
(sgRNA variants) or 1000 ng of CRISPR plasmids using
3.4 �l FuGeneHD (Promega), followingmanufacturer’s in-
structions. Each sgRNA plasmid was transfected as biolog-
ical duplicates in two separate transfections. All subsequent
steps, including the T7E1 assay were performed indepen-
dently for the duplicates. A HEK293T-derived cell line con-
taining stably integrated EGFP gene was used for sgRNAs
targeted to the EGFP gene. This cell line was constructed by
correcting the mutations in the EGFP gene in the cell line
293/A658 (27) (kindly provided by Dr Francesca Storici).
The genomic DNAwas harvested after 3 days using Quick-
Extract DNA extraction solution (Epicentre), as described
in (28). T7E1 mutation detection assays were performed, as
described previously (29) and the digestions separated on
2% agarose gels. The cleavage bands were quanti�ed using
ImageJ. The percentage of gene modi�cation = 100 × (1
– (1 – fraction cleaved)0.5), as described (28). Unless oth-
erwise stated, all polymerase chain reactions (PCRs) were
performed using AccuPrime Taq DNA Polymerase High
Fidelity (Life Technologies) following manufacturer’s in-
structions for 40 cycles (94◦C, 30 s; 60◦C, 30 s; 68◦C, 60 s)
in a 50 �l reaction containing 1.5 �l of the cell lysate, 3%
Dimethyl sulfoxide (DMSO) and 1.5 �l of each 10 �M tar-
get region ampli�cation primer (Supplementary Table S3)
or off-target region ampli�cation primer (Supplementary
Table S4).

Sanger sequencing of gene modi�cations resulted from Cas9

To validate the mutation rates measured by T7E1 assay, the
PCR products used in the T7E1 assays were cloned into
plasmid vectors using TOPO TA Cloning Kit for Sequenc-
ing (Life Technologies) or Zero Blunt TOPO PCR Cloning
Kit (Life Technologies), following manufacturer’s instruc-
tions. Plasmid DNAs were puri�ed and Sanger sequenced
using a M13F primer (5′-TGTAAAACGACGGCCAGT-
3′).

Identi�cation of off-target sites

Potential off-target sites in the human genome (hg19)
were identi�ed using TagScan (http://www.isrec.isb-sib.ch/
tagger), a web tool providing genome searches for short se-
quences (30). Guide sequences containing single-base inser-
tions (represented with an ‘N’ in the sequence) and single-
base deletions at different positions were entered, followed
by the PAM sequence ‘NGG’.We alternatively searched for

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
2
/1

1
/7

4
7
3
/1

4
5
4
7
6
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

http://www.isrec.isb-sib.ch/tagger


Nucleic Acids Research, 2014, Vol. 42, No. 11 7475

Figure 1. Schematic of CRISPR/Cas9 off-target sites with (A) 1-bp insertion (DNA bulge) or (B) 1-bp deletion (RNA bulge). The 20-nt guide sequence
(orange line) in the sgRNA is shown with genomic target sequence (protospacer) containing single-base DNA bulge (red asterisk) or single-base sgRNA
bulge (red �). The zoom-in sequences of protospacer and PAM are shown above the sgRNA guide sequence. Positions of nucleotides in the target are
numbered 3′ to 5′ starting from the nucleotide next to PAM.

off-target sites using the recently developed bioinformat-
ics program COSMID that can identify potential off-target
sites due to insertions and deletions between target DNA
and guide RNA sequences (Cradick et al., submitted for
publication). Primers were individually designed to amplify
the genomic loci identi�ed in the output.

Quantitative PCR to measure the expression levels of differ-
ent guide RNAs

HEK 293T cells were transfected with 750 ng sgRNA vari-
ants, as described above. Each sgRNA was transfected as
biological triplicates in three separate wells and processed
independently. Total RNA was isolated from cells using
the RNAeasy kit (Qiagen). Extracted RNA was reverse-
transcribed using the iScript cDNA Synthesis (BioRad).
The cDNA was ampli�ed using the iTaq Universal SYBR
Green Supermix (BioRad) and analyzed with quantitative
PCR using speci�c primers that annealed at 60◦C (Sup-
plementary Table S3). Quantitative PCR was performed
in technical triplicates for each cDNA sample from sin-
gle transfected well. Relative mRNA expression was an-
alyzed using an MX3005P (Agilent) and normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ex-
pression. GAPDH expression remained relatively constant
among treatments.
RelativemRNA expression of target genes was calculated

with the ddCT method. All target genes were normalized
to GAPDH in reactions performed in triplicate. Differences
in CT values (�CT = CT gene of interest − CT GAPDH
in experimental samples) were calculated for each target
mRNA by subtracting the mean value of GAPDH. �CT
values were subsequently normalized to the reference sam-
ple (mock transfected cells) to get ��CT or ddCT (relative
expression = 2−��CT).

Deep sequencing to determine activities at genomic loci

Genomic DNAs from mock and nuclease-treated cells that
were prepared for T7E1 assays were used as templates for
the �rst round of PCRusing locus-speci�c primers that con-
tained overhang adapter sequences to be used in the second
PCR (Supplementary Tables S5 and S6). PCR reactions for
each locus were performed independently for eight touch-
down cycles in which annealing temperature was lowered
by 1◦C each cycle from 65 to 57◦C, followed by 35 cycles
with annealing temperature at 57◦C. PCR products were
puri�ed using Agencourt AmPure XP (Beckman Coulter)
following manufacturer’s protocol. The second PCR ampli-
�cation was performed for each individual amplicon from
�rst PCR using primers containing the adapter sequences
from the �rst PCR, P5/P7 adapters and sample barcodes in
the reverse primers (Supplementary Table S5). PCR prod-
ucts were puri�ed as in �rst PCR, pooled in an equimolar
ratio, and subjected to 2 × 250 paired-end sequencing with
an Illumina MiSeq.
Paired-end reads from MiSeq were �ltered by an aver-

age Phred quality (Q score) greater than 20 and merged
into a longer single read from each pair with a minimum
overlap of 10 nucleotides. Alignments were performed us-
ing Borrows-Wheeler Aligner (BWA) for each barcode (31)
and percentage of insertions and deletions containing bases
within a ±10-bp window of the predicted cut sites were
quanti�ed. Error bounds for indel percentages are Wilson
score intervals calculated using binom package for R sta-
tistical software (version 3.0.3) with a con�dence level of
95% (32). To determine if each off-target indel percentage
from a CRISPR-treated sample is signi�cant compared to
a mock-treated sample, a two-tailed P-value was calculated
using Fisher’s exact test.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
2
/1

1
/7

4
7
3
/1

4
5
4
7
6
1
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



7476 Nucleic Acids Research, 2014, Vol. 42, No. 11

RESULTS

Cas9 cleavage with sgRNA variants containing single-base
DNA bulges

To determine if CRISPR/Cas9 systems tolerate genomic
target sites containing single-base DNA bulges (Figure 1a),
we used the sgRNA–DNA interfaces of two sgRNAs, R-01
and R-30, targeting theHBB and CCR5 genes, respectively
as a model system (22). Systematically removing single nu-
cleotides at all possible positions throughout the original
19-nt guide sequences of R-01 and R-30 resulted in single-
base DNA bulges at their original HBB and CCR5 target
sites that model single-base insertion at potential off-target
sites in the genome (Figure 2A and B).

Cleavage of the genomic DNA in HEK293T cells was
quanti�ed using the T7E1 mutation detection assay. For
both groups of sgRNA variants (generated from R-01 and
R-30 respectively), single-base DNA bulges at certain posi-
tions in theDNAsequenceswerewell tolerated (e.g. still had
Cas9 induced cleavage), though variants of R-30 had higher
cleavage activity at more locations (Figure 2C and D). For
both groups, it was clear that Cas9 tolerated DNA bulges in
target sites in three regions: seven bases from PAM, the 5′-
end (PAM-distal) and the 3′-end (PAM-proximal). Speci�-
cally, “-1 nt” variants of R-01 induced Cas9 cleavage activ-
ity when a single-base DNA bulge is present at positions 1
or 2, 6 or 7, 18 and 19 of the target DNA sequence from the
PAM (Figure 2C). Note that due to the presence of consec-
utive identical nucleotides at positions 1 and 2, 6 and 7, re-
moving either one of the identical nucleotides in the sgRNA
at these adjacent positions would give the same sequence
and have the same sgRNA–DNA interface (their position is
therefore marked as ‘or’ in Figure 2C and D). In contrast,
“-1 nt” variants of R-30 induced variable cleavage activity
at more positions throughout the guide sequence: positions
1, 2 or 3, 7, 8, 9 or 10, 11, 16, 17, 18 and 19 from the PAM
(Figure 2D). Seven R-30 variants have activities compara-
ble to or even higher than that of the original sgRNA. These
variants correspond to DNA bulges at positions 1, 2 or 3,
8, 9 or 10, 11, 18 and 19 from the PAM (Figure 2D). Con-
sistent with previous studies showing that the speci�city of
CRISPR/Cas9 systems is guide-strand and target-site de-
pendent (19,20,22), the positions in R-01 sgRNA variants
where DNA-bulges were tolerated are different from that
in R-30 sgRNA variants. However, these positions seem to
group in the 5′-end, middle and 3′-end regions of the tar-
get loci, as in both R-01 and R-30 sgRNA–DNA inter-
faces, single-base DNA-bulges at the following �ve posi-
tions seems to be tolerated: positions 1, 2, 7, 18 and 19. Al-
though additional studies are needed to determine if these
positions are common for different target sequences, single-
base DNA-bulges at the target sites corresponding to these
positions may be worth investigating when performing off-
target analysis for CRISPR/Cas9 systems.

In certain cases, off-target sites with DNA bulges may
also be interpreted as sequences having various base mis-
matches with guide sequence and/or PAM (Supplementary
Figure S1). For example, the sgRNA–DNA interfaces cor-
responding to removing 5′-end bases in the guide sequences
(positions 18 and 19 of the R-01 interface and 16–19 of the

R-30 interface) can be viewed as havingDNAbulges or hav-
ing mismatches in the 5′-end region of sgRNA, which have
been shown to be better tolerated compared to the 3′-end
region (11,19,20). Therefore, the Cas9 cleavage activities in-
duced by these guide strands may be interpreted as toler-
ance of base mismatches at the 5′-end of the guide RNA. In
addition, the position-1 variant of R-30 results in a shift in
the adjacent PAM from GGG to CGG (another canonical
PAM), which could explain why the activity of this guide se-
quence variant was similar to the original R-30. However,
off-target activities associated with most other DNA bulges
for the R-01 and R-30 interfaces cannot be attributed to
base mismatch tolerance, since a base removal in the sgR-
NAs (corresponding to a DNA bulge) could result in many
base mismatches or mutation in the PAM sequence. For ex-
ample, the cleavage activity induced by the R-01 variant at
position 2/1 may be alternatively interpreted as Cas9 cleav-
age with a GTG PAM (Figure 2C and Supplementary Fig-
ure S1), which is highly unlikely according to previous stud-
ies (20,21). Further, a R-30 guide strand variant at position
11would contain at least sevenmismatches if modeledwith-
out a bulge. This guide strand resulted in a 1.8-fold higher
cleavage activity compared to the original R-30 (Supple-
mentary Figure S1 and Figure S2D), which cannot be read-
ily explained by the high level of base mismatches (which
should prohibit cleavage), and thus should be attributed to
the tolerance of DNA bulges.

Cas9 cleavage with small sgRNA truncations

We further investigated if sgRNAs with small truncations
at the 5′-end retain cleavage activity. One to six nucleotides
were deleted from the 5′ end of R-01 except for the nu-
cleotide at position 20, because the guanine here is required
for the expression under the U6 promoter (Figure 3A). For
these guide sequence truncations, we found that 1- to 2-bp
5′ truncations could still induce cleavage activities similar to
the full-length sgRNA (Figure 3B).

Cas9 cleavage with sgRNA variants containing single-base
sgRNA bulges

In addition to Cas9 induced cleave at off-target sites with
single-base DNA bulges, we further investigated if single-
base sgRNA bulges (that model single-base deletions in
DNA sequence) could induce Cas9 cleavage (Figure 1B).
Again, using sgRNA–DNA interfaces R-01 and R-30 as
model systems, we systematically added single nucleotides
at positions throughout the original guide sequences, so that
the interfaces with target sequences in HBB or CCR5 car-
ries single-base sgRNA bulges (Figure 4). For some posi-
tions, the addition of single nucleotide A, C, G and U, re-
spectively to the guide sequence was all tested to account for
the effect of base identity. As above, HEK293T cells were
transfected with plasmids of the Cas9 and sgRNA variants
and the T7E1mutation detection assay was used tomeasure
the Cas9 cleavage activity.
We found that sgRNA bulges in the R-30 sgRNA–DNA

interface were better tolerated compared to those of R-01.
In contrast to the tolerances of DNA bulges adjacent to the
PAM, sgRNA bulges close to the PAM prohibited cleav-
age (Figure 4). For the R-01 interface, single-base sgRNA
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Figure 2. Activity of sgRNA variants targeted to genomic loci containing single-base DNA bulges. A single nucleotide was deleted from the original
sgRNA at all possible positions (red dashes) throughout the guide sequence for (A) sgRNA R-01 targeting HBB or (B) sgRNA R-30 targeting CCR5.
Cleavage activity for the corresponding sgRNA variants measured by T7E1 assay in HEK293T cells at (C) the HBB site or (D) CCR5 site for the sgRNA
variants in (A) and (B). Sequence of the original sgRNA is in the top row of the grid. Positions of the deleted nucleotides are highlighted for A (green), G
(black), C (blue), or U (red) in the grid. Semi-transparent colors in two positions in the same sgRNA indicate that deletions can be interpreted at either
of adjacent positions (also marked by ‘or’) due to identical nucleotides at both positions. The bar graph on the right shows cleavage activity aligned to
the corresponding sgRNA variants using the same color scheme. Positions relative to PAM are labeled on the y-axis. The vertical dashed lines mark the
activity levels of the original sgRNAs. Error bar, SEM (n = 2).

Figure 3. Activity for sgRNAs containing 5′-end truncations. (A) 1–6 bp truncations at the 5′ end of the guide sequence R-01 targeted to the HBB gene.
(B) Activity for truncated sgRNAs. Truncated positions are highlighted in gray in the grid. Bar graph shows corresponding cleavage activity measured by
T7E1 assay in HEK293T cells. Error bar, SEM (n = 2).

bulges between each of the 11 PAM-proximal guide-strand
nucleotides resulted in no detectable activity (Figure 4A).
Single-base sgRNA bulges of the four nucleotides closest
to the PAM in R-30 also eliminated T7E1 activity (Fig-
ure 4B). The sgRNA bulges 3′ to the position 11 in R-
30 resulted in reduced cleavage activities (Figure 4B). The
lack of activity with PAM-proximal sgRNA bulges in R-
01 and low levels of activity with PAM-proximal sgRNA
bulges in R-30 are consistent with the reduced mismatch

tolerance in the ‘seed sequence’ reported in previous studies
(9,11,33). Nucleotides additions in sgRNA sometimes cre-
ated consecutive identical nucleotides, such as adding a G
before or after position 14 of R-01 or before or after po-
sition 15 of R-30. These sgRNA variants model a G-bulge
that can be at either position in the sgRNA (Figure 4A).
We found that in many cases sgRNA bulges with a single
U gave rise to high nuclease activities. Among all sgRNA
variants with activities higher than the original sgRNAs,
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Figure 4. Activity of sgRNA variants targeted to genomic loci containing single-base sgRNA bulges. (A and B) Activity of Cas9 at (A)HBB target site and
(B)CCR5 target site carrying single-base sgRNA bulges associated with different variants of the original sgRNAs (A) R-01 and (B) R-30. Single nucleotide,
A (green), G (black), C (blue), orU (red), was inserted into the original sgRNA throughout the guide sequence. Sequence of the original sgRNA is in the top
row of the grid. Positions of the original guide sequence are shaded in gray, while the inserted positions are white. Due to identical nucleotides at adjacent
positions, some inserted nucleotides can be in multiple positions (marked by ‘or’). Bar graphs on the right show corresponding cleavage activities quanti�ed
by T7E1 assay in HEK293T cells, with the same color scheme for different inserted nucleotides. Positions relative to PAM and the single nucleotides added
are labeled on the y-axis. Error bar, SEM (n = 2).

∼71% (5/7) were targeted to the loci with a U-bulge. Over-
all, single-base sgRNAbulges induced higher Cas9 cleavage
activities at many more positions than that with single-base
DNA bulges. This is not surprising since RNA molecules
are more �exible than DNAmolecules, thus having smaller

binding energy penaltywith single-baseRNAbulges, result-
ing in a higher tolerance (34).
RNA–DNA interfaces with single-base RNA bulges can

also be viewed as sequences with various mismatches in
the guide sequence and PAM (Supplementary Figure S2).
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Speci�cally, sgRNA bulges at the 5′-end of guide RNA se-
quences (e.g. U+20/19 for R-01 and R-30 interfaces) can be
alternatively viewed as having one to a few base mismatches
with the 3′-end of DNA sequences (Supplementary Figure
S2), which are often tolerated, similar to deletions of 1–2
bp at the 5′ end of guide strands (Figure 3). SgRNA bulges
close to the 3′-end of guide sequence can be alternatively
viewed as having base mismatches in the 3′-end region, in-
cluding those at the third base of PAM (R-30 variants) (the
last six variants in Supplementary Figure S2). Among all
sgRNA variants with considerable activities (Supplemen-
tary Figure S2), most of them could not be explained by tol-
erance of base mismatches, since they would contain more
than �ve mismatches or change in the third base of PAM,
which was shown to abolish cleavage activity (20).

The effect of GC (guanine-cytosine) content of sgRNAs on
the tolerance of single-base sgRNA bulges

As revealed in our study, the speci�city pro�le (location and
level of off-target cleavage) of R-01 variants is substantially
different from that of R-30 variants. R-30, which showed a
higher level of tolerance to DNA and RNA bulges than R-
01, has a GC content of 70%, whereas R-01 has a GC con-
tent of 50%. We hypothesized that the GC content of guide
strands R-01 and R-30 played a signi�cant role in causing
this difference. To investigate this hypothesis, we tested two
additional sets of guide strands targeted toHBB andCCR5
genes, respectively, with different GC contents compared to
R-01 and R-30 (Figure 5A). Speci�cally, R-08 has a moder-
ately higher GC content compared to R-01 (65% compared
to 50%), whereas the GC content of R-25 is half of that of
R-30 (35% compared to 70%). Cas9 induced cleavage with
sgRNA variants of R-08 and R-25 was individually tested
to quantify the bulge tolerance in HEK 293T cells.
For the guide strand R-25, which contains a low percent-

age of GC, we found that all R-25 variants tested showed
non-detectable activities using the T7E1 assay (Supplemen-
tary Table S2). In contrast, for R-08 variants with bulges
throughout the guide sequence, we observed cleavage activ-
ities at more positions compared with R-01 (Figure 5B and
C). These results of bulge tolerance for variants of R-08 and
R-25 support our GC dependence hypothesis.

Cas9 cleavage with sgRNA variants containing 2- to 5-bp
bulges

In addition to single-base bulges between sgRNA and tar-
get sequence, it is important to determine if bulges longer
than 1 bp can also be tolerated by the CRISPR/Cas9 sys-
tems. Consequently, the tolerance of 2- to 5-bp bulges was
tested at locations where single-base bulges were well toler-
ated. For sgRNA bulges, we added two to �ve U’s 15- or 12-
bp upstream of PAM into the guide sequences of R-01 and
R-30, respectively. To generate DNA bulges, we deleted two
bases from the guide sequences of R-01 and R-30 (Figure
6A). Strikingly, we found that sgRNA variants forming 2-,
3- and 4-bp RNA bulges induced cleavage activities as de-
termined by the T7E1 assay in HEK 293T cells (Figure 6B).
Since sgRNA variants forming 2-bp DNA bulges did not
show any detectable activity, we did not test longer DNA

bulges. Our �ndings that sgRNA bulges of >2-bp are bet-
ter tolerated than DNA bulges of similar size are consistent
with the higher cleavage activities by guide strands with 1-
bp sgRNAbulges compared to thosewith 1-bpDNAbulges
as shown in Figures 2 and 4.

Cleavage by paired Cas9 nickases with sgRNA variants con-
taining single-base bulges

Paired Cas9 nickases (Cas9n) were recently developed
to generate DNA double-strand breaks by inducing two
closely spaced single-strand nicks using an appropriately
designed pair of guide RNAs (23,35). This strategy may
lower the off-target cleavage, as double stranded breaks
(DSBs) could occur only when both guide RNAs of the
pair induced two nicks adjacent to each other at roughly
the same time. Here we tested if paired Cas9n systems can
tolerate bulges by using one bulge-forming guide variant
paired with a perfectly matched guide strand. Speci�cally,
four variants ofR-01 showing high activities withCas9were
paired with R-02, including R1 U+14/13 and R1 C+12 to
test sgRNA bulges and R1 −7/6 and R1 −2/1 to test DNA
bulges. Each paired sgRNAs created a 34-bp 5′ overhang in
theHBB gene (Figure 7A) (22), and the Cas9n cleavage ac-
tivities were determined by the T7E1 assay. We found that
both sgRNA and DNA bulges were also well tolerated in
the Cas9n system (Figure 7B). The paired Cas9 nickases
with single sgRNA bulges showed activities comparable to
Cas9 system having one bulge in R0–1; however, for DNA
bulges, the activities of paired Cas9 nickases were >2-fold
higher than that of Cas9.

Cas9 cleavage at genomic loci with both base mismatches and
DNA or sgRNA bulges

To gain a better understanding of CRISPR/Cas9 off-target
activity, we examined 27 different sgRNAs targeting six
different genes (Supplementary Table S1), seven targeted
HBB, two for EGFP, �ve for CCR5, seven for ERCC5,
four for TARDBP and two for HPRT1, respectively. We
performed off-target analyses of these sgRNAs by search-
ing the human genome for potential off-target sites and
found that for the sgRNAs searched, single-base DNA or
sgRNA bulges were not located without mismatches in the
human genome. Therefore, for each sgRNA, we selected a
subset of the potential sites with one to three mismatches
and avoided mismatches close to the PAM as much as pos-
sible. All of these sgRNAs ef�ciently induced mutations at
their intended target loci in humanHEK293T cells, as mea-
sured by the T7E1 assay (Supplementary Figure S3). Using
the T7E1 assay, we initially investigated 18 potential off-
target sites containing target-site insertions and 62 contain-
ing deletions (Supplementary Table S4).
Two sgRNAs targeted to CCR5 and ERCC5, respec-

tively, also induced cleavage at two off-target sites each bear-
ing one DNA bulge and one mismatch (Figure 8A and B).
For R-30, the identi�ed off-target site R-30 Off-4 contains a
single-base DNA bulge at position 5, 6 or 7 and a base mis-
match at position 14. The off-target gene modi�cation rate
determined by T7E1 is 9%, almost one third of the 30% on-
target activity at the CCR5 gene (Figure 8A). For an R-31
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Figure 5. Activity of sgRNA variants with bulges targeted to genomic loci with different GC contents. (A) Target sites, cleavage activities (% indels by
T7E1 assay) and GC contents of different guide strands targeted to HBB and CCR5 genes. *Cleavage activity of R-25 is from reference (22). (B and C)
T7E1 activity of R-08 variants targeted toHBB genomic loci with (B) single-base DNA bulges or (C) single-base sgRNA bulges. Color schemes and labels
are similar to Figures 2 and 4. Error bar, SEM (n = 2).

off-target site with a single-base DNA bulge at position 2
and a mismatch at position 20, the off-target gene modi�-
cation rate determined by T7E1 was 3%, compared to 60%
on-target activity at the ERCC5 gene (Figure 8B). Due to
the high frequency of small indels (insertions and deletions)
that result from repair of Cas9 induced cleavage, which may
be poorly detected by the T7E1 assay, we veri�ed the mu-
tagenesis at these off-target sites using Sanger sequencing
(Figure 8C and D). For both off-target sites, the muta-
tion frequencies quanti�ed by Sanger sequencing are higher
than those by T7E1, which is consistent with a previous

study (22).We did not observe any off-target cleavage for the
62 sites tested with both sgRNA bulge and base mismatch,
although in our model systems with sgRNA bulges only,
high cleavage activities were observed (Figure 4). This dis-
crepancy suggests that sites forming sgRNA bulges may be
less tolerant to additional base mismatches and vice versa.
Two genomic off-target sites for guide strand R-30, Off-4

and Off-5, have identical target sequences (Supplementary
Table S4), but were cleaved at different rates. Speci�cally,
R-30 Off-4 had a cleavage rate of 9%, while the cleavage at
Off-5 was undetectable with the T7E1 assay (Supplemen-
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Figure 6. Activity of sgRNA variants with 2-bpDNAor 2- to 5-bp sgRNAbulges. Guide strands with 2- to 5-bp addition are labeled with ‘+’ and positions
of the added bases and guide strands with 2-bp deletion are labeled with ‘−’ and positions of the deleted bases. (A) Sequences comparison of guide RNAs
and target sites, with position numbers on top. (B) Bar graph showing cleavage activities of these sgRNA variants quanti�ed by T7E1 assay in HEK293T
cells. Error bar, SEM (n = 2).

tary Figure S4). Sanger sequencing revealed a 45.5% muta-
tion rate at the R-30 Off-4 locus (Figure 8C), compared to
a 4.2% mutation rate at R-30 Off-5 (Supplementary Figure
S4). Since R-30 Off-4 and R-30 Off-5 sites have identical
sequences, our results clearly suggest that off-target cleav-
age of Cas9 nuclease is very dependent on genomic con-
text (22). Further investigation of these two sites using the
ENCODE annotation fromUCSC genome browser (36,37)
revealed that R-30 Off-4, which had high off-target activ-
ity, targeted a site within 400 bp of the 3′ end of a long

non-codingRNA (RP4-756H11.3) and 12 kb of the protein-
coding gene RABGEF. Analysis of the ENCODE data for
chromatin structure in normal human embryonic kidney
cells (NHEK) cells, the cell type of origin for the HEK293
cells used in this study shows Off-4 to be within 3 kb of a
strong enhancer (marked byH3K27Ac andH3K4me1) and
a strong DNAse1 hypersensitive site, suggestive of an open
chromatin structure. In contrast, R-30 Off-5, which had low
activity, targeted a site in a 162-kb intergenic region between
theWBSCR28 and ELN genes that is marked by the more
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Figure 7. Paired Cas9 nickases with one bulge-containing sgRNA effectively cleave genomic DNA. (A) Human HBB gene targeted by Cas9 nickases
(Cas9n) with paired guide strands R-01 and R-02. PAMs are indicated with grey bars. (B) T7E1 activities of Cas9n with R-01 bulge-variants paired with
R-02, compared with original Cas9 activities of the R-01 bulge-variants as in Figures 2 and 4. Error bar, SEM (n = 2). Asterisks indicate P-values from a
two-tailed independent two-sample t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

heterochromatic H3K27me3, and hence may be less acces-
sible for Cas9 induced cleavage (Supplementary Figure S5).
Taken together, these data strongly suggest that differences
in the local chromatin structure may underlie the observed
differences in cleavage ef�ciency between Off-4 and Off-5.
We further performed deep sequencing at 55 putative off-

target sites corresponding to single-base sgRNA bulges and
21 sites corresponding to single-base DNA bulges. The sites
were ampli�ed from genomic DNA harvested from HEK
293T cells transfected with Cas9 and sgRNAs (Supplemen-
tary Table S6). The 55 sites with sgRNA bulges contain 35
sites tested in the preliminary T7E1 assay, and the 21 sites
with DNA bulges include seven sites tested in the T7E1
assay. Putative bulge-forming loci containing one to three
PAM-distal mismatches were chosen, since we did not �nd
sites associatedwith a bulge without any basemismatch.We
also selected some of the bulge-forming sites with a high
level of sequence similarity, but containing an alternative
NAG-PAM. For comparison, the deep sequencing also in-
vestigated 16 on-target sites of the sgRNAs tested. Each lo-
cus was sequenced from mock-transfected cells as control.
We identi�ed additional 13 bulge-forming off-target

sites with signi�cant cleavage activities resulted from
CRISPR/Cas9 systems compared to the mock-transfected
samples (Figure 8E). We found that the number of genomic
off-target cleavage sites associated with sgRNA bulges was
relatively small (some of these cases are indistinguishable
from a few mismatches at 5′ end), but there was consid-
erable activity at genomic sites with DNA bulges coupled
with one to three additional base mismatches, even with an
alternative NAG-PAM. Similar results showing more off-
target effect with DNA bulges plus mismatches compared
to sgRNA bulges plus mismatches were observed in the pre-
liminary T7E1 assay (Figure 8A and B). The positions of

these toleratedDNAbulges are 1–3 and 7–10 bp fromPAM,
consistent with the results from the model systems using
sgRNA variants. The majority of the sites with off-target
activities detected, as shown in Figure 8A, B and E are asso-
ciated with the sgRNA R-30, which has a high GC content
(70%). Other sgRNAs that resulted in off-target cleavage at
bulge-forming loci have GC content ≥50%.

DISCUSSION

Although CRISPR/Cas9 systems can ef�ciently induce
gene modi�cation in many organisms, recent studies re-
vealed that off-target cleavage may occur in mammalian
cells with up to �ve-base mismatches between the short
∼20-nt guide RNA and DNA sequences (19–22). Here we
show that CRISPR/Cas9 systems can have off-target cleav-
age when DNA sequences have an extra base (DNA bulge)
or a missing base (sgRNA bulge) at various locations com-
pared with the corresponding RNA guide strand. Impor-
tantly, our results revealed that, sgRNA bulges of up to 4-
bp could be tolerated by CRISPR/Cas9 systems (Figure 6).
The correlation between cleavage activity and the position
of DNA bulge or sgRNA bulge relative to the PAM ap-
pears to be loci and sequence dependent when comparing
the speci�city pro�les of guide sequences R-01 and R-30.
Our results suggest the need to perform comprehensive

off-target analysis by considering cleavage due to DNA and
sgRNA bulges in addition to base mismatches. We believe
that the following design guidelines will help reduce po-
tential off-target effects of CRISPR/Cas9 systems: (i) con-
servatively choose target sequences with relatively low GC
contents (e.g. ≤35%), (ii) avoid target sequences (with ei-
ther NGG- andNAG-PAM) with≤3 mismatches that form
DNAbulges at 5′ end, 3′ ends or around 7–10 bp from PAM
and (iii) if possible, avoid potential sgRNA bulges further
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Figure 8. Activities of CRISPR/Cas9 nucleases at genomic target sites and at off-target sites with single-base DNA bulges coupled with mismatches.
(A and B) On-target and off-target cleavage activities for (A) sgRNAs R-30 targeted to CCR5 gene, and (B) R-31 target to ERCC5 gene. Upper: target
sequences (CCR5 and ERCC5) and off-target sequences (Off-4 and Off-1) with mismatch (red) and DNA bulge (shaded in yellow) shown next to the
sgRNA (R-30 and R-31) tested. Red lines indicate the PAM. Bottom: Cleavage activities at the target sites and off-target sites measured by T7E1 assay in
HEK293T cells. ‘−’ and ‘+’ denote samples treated without and with nuclease, respectively. Numbers below the lanes indicate average percentages of gene
modi�cation (n = 2). Asterisks indicate speci�c T7E1 cleavage products. (C and D) Sanger sequencing reads of ampli�ed off-target sites aligned to the
wild-type genomic sequence and sgRNAs for (C) R-30 and (D) R-31. The occurrence of each sequence is indicated to the left of the alignment, if greater
than one. Unmodi�ed reads are indicated by ‘WT’. Deletions are marked in gray and insertions marked in yellow. (E) Signi�cant activities analyzed by
deep sequencing at genomic off-target loci containing bulges coupled with mismatches and in some cases alternative NAG-PAM. Only bulge-containing
off-target loci determined to have P-values less than 0.05 are shown. Table on the left shows numbers of mismatches at off-target loci in addition to bulge
(no. of mis), bulge types, positions of bulges from PAM (bulge pos), labels for the loci as in Supplementary Table S6 and sequences of off-target sites
including PAMs. In these off-target genomic sequences, mismatches are marked by red, deleted base compared to sgRNA marked as ‘−’ (sgRNA bulge),
inserted base compared to sgRNA marked as underlined red letters (DNA bulge), NAG-PAMs are marked by blue. Bar graph on the right indicates
indel percentages quanti�ed for mock (blue) and treated samples (red) with sgRNAs at off-target loci shown in the table to the left. Error bars, Wilson
intervals (see ‘Materials and Methods’ section). *P ≤ 0.05, ***P ≤ 0.001 as determined by Fisher’s exact test. The % indel values of treated samples are
also indicated.
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than 12 bp fromPAM.To aid the rational design of sgRNAs
for an intended DNA cleavage site, as well as experimental
determination of off-target activity, a robust bioinformatic
tool that incorporates these design guidelines and ranking
potential off-target sites is desired, andmore extensive stud-
ies of off-target cleavage by CRISPR/Cas9 systems may be
needed concerning the dependence of off-target activity on
the type (base mismatch, DNA bulge, sgRNA bulge), loca-
tion and length of sequence differences.
We found that different speci�city pro�les of R-01 and

R-30 guide sequences (and variants) are not due to dif-
ferent expression levels of the sgRNAs. Quantitative PCR
of inactive R-01 variants and active R-30 variants indi-
cated similar sgRNA expression levels (Supplementary Fig-
ure S6). We believe that high GC-content, which makes the
RNA/DNA hybrids more stable (39), may be responsible
for increased tolerance of DNA bulges and sgRNA bulges.
Consistent with our hypothesis, guide strand R-30 (70%
GC) showed the highest tolerance to sgRNA and DNA
bulges among the four guide strands we tested (R-01, R-08,
R-25 and R-30), while guide strand R-25 (35% GC) does
not seem to tolerate any bulges. Guide sequences showing
bulge-related off-target activity in Figure 8 all haveGC con-
tents ≥50%, which further con�rms that it is important to
consider DNA-bulges for sgRNAs with high GC content,
even with up to three base mismatches, when investigating
off-target effects.
As shown in Supplementary Figures S1 and S2, bulges

in the PAM distal or PAM proximal regions can re�ect ei-
ther mismatch tolerance or RNA/DNA bulge tolerance. In
a bioinformatics search considering base mismatches only,
some of the potential off-target sites identi�ed may over-
lap with a search considering bulges. Although in both
scenarios the mismatch and bulge-containing sites should
be tested for off-target cleavage, a better understanding of
the bulge tolerance as well as the difference in the mecha-
nisms underlying these two scenarios is needed. A recent
study revealed that a Cas9 ortholog from Streptococcus
thermophilus has a PAM located 2 bps downstream of the
protospacer (38). Thus, the cleavage resulting from the vari-
ant R-01 -2/1 (Supplementary Figure S1) may re�ect the
tolerance of a linker between the target sequence and PAM
instead of a DNA-bulge. On the other hand, Cas9 cleavage
with RNA or DNA bulges in the middle of the target se-
quence may re�ect only the bulge tolerance.
An interesting �nding from this study is that sgRNAvari-

ants with bulges had different indel spectra than sgRNA
without bulges (Supplementary Figure S7). We quanti�ed
indel spectra for original sgRNAs R-01 and R-30, as well
as sgRNA variants R1 −7/6, R1 C+12, R30 −11 and R30
U+12, using deep sequencing with around 104 reads for
each sample. Bulge-forming sgRNAvariants showed higher
ratios of larger deletions (�10 or �7), whereas the origi-
nal sgRNAswithout bulges generatemostly 1-bp insertions.
This effect is more prominent for variants forming sgRNA
bulges (R1 C+12 and R30 U+12). Bulge-forming sgRNA
variants may be more effective than regular sgRNAs in cre-
ating larger deletions that might be preferred in certain ap-
plications, such as targeted disruption of genomic elements.
Recently, paired Cas9 nickases have been shown to in-

crease target speci�city of CRISPR/Cas9 systems. How-

ever, only off-target activity associated with single guide
RNAs were investigated (23,35), and the effect of cooper-
ative nicking at potential off-target sites with sequence sim-
ilarity to a pair of guide RNAs has not been characterized.
We showed that Cas9n is able to cleave ef�ciently at target
sites despite a single-base bulge in one of the paired guide
RNAs. The results of this work provide some insight into
off-target cleavage of the pairedCas9 nickases, since nicking
of opposite DNA strands is likely to be independent events
and the knowledge of bulge tolerance at the sgRNA–DNA
interface would be applicable to off-target cleavage of Cas9
nickases.
Recent studies on the speci�city of CRISPR/Cas9 sys-

tems revealed that a broad range of partial matches be-
tween sgRNA and DNA sequences could induce off-target
cleavage (19–22), which may limit the choice of sgRNA de-
signs.While the use of existing bioinformatic tools based on
base mismatches is certainly useful for predicting the most
likely potential off-target sites, it might miss some impor-
tant sites, since there would be too many base mismatches
if bulges were not allowed to form in the middle of a tar-
get sequence, so the potential off-target sites with bulges are
not likely to be included in the output of these search tools.
Therefore, based on our results, it is necessary to search par-
tially matched sequences including base mismatches, dele-
tions and insertions and their combinations in identifying
off-target sites. Since there might be a large number of po-
tential off-target sites due to the many partially matched
sequences, and the effect of sgRNA–DNA sequence dif-
ferences on off-target cleavage is target-site and genome-
context dependent, experimentally determining the true off-
target activities is necessary, including the use of deep se-
quencing.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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