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ABSTRACT

CRISPR/Cas9-induced site-specific DNA double-
strand breaks (DSBs) can be repaired by homology-
directed repair (HDR) or non-homologous end join-
ing (NHEJ) pathways. Extensive efforts have been
made to knock-in exogenous DNA to a selected ge-
nomic locus in human cells; which, however, has fo-
cused on HDR-based strategies and was proven inef-
ficient. Here, we report that NHEJ pathway mediates
efficient rejoining of genome and plasmids follow-
ing CRISPR/Cas9-induced DNA DSBs, and promotes
high-efficiency DNA integration in various human
cell types. With this homology-independent knock-in
strategy, integration of a 4.6 kb promoterless ires-
eGFP fragment into the GAPDH locus yielded up
to 20% GFP+ cells in somatic LO2 cells, and 1.70%
GFP+ cells in human embryonic stem cells (ESCs).
Quantitative comparison further demonstrated that
the NHEJ-based knock-in is more efficient than HDR-
mediated gene targeting in all human cell types
examined. These data support that CRISPR/Cas9-
induced NHEJ provides a valuable new path for ef-
ficient genome editing in human ESCs and somatic
cells.

INTRODUCTION

Zinc-finger nucleases (ZFNs) (1), transcription activator-
like effector nucleases (TALENs) (2) and bacterial clustered
regularly interspaced short palindromic repeats (CRISPR)-
associated protein 9 (Cas9) system (3) have achieved great

success in introducing site-specific DNA double-strand
breaks (DSBs) with high accuracy and efficiency. They have
been developed into versatile tools to introduce a broad
range of genomic modifications, such as targeted muta-
tion, insertion, large deletion or gene knock-out, in vari-
ous prokaryotic, eukaryotic cells and organisms (4). Among
these tools, CRISPR/Cas9 has rapidly gained popularity
due to its superior simplicity (5,6). In this system, a single
guide RNA (sgRNA) complexes with Cas9 nuclease, which
can recognize a variable 20-nucleotide target sequence ad-
jacent to a 5′-NGG-3′ protospacer adjacent motif (PAM)
and introduce a DSB in the target DNA (7,8). The induced
DSB then triggers DNA repair process mainly via two dis-
tinct mechanisms, namely, the non-homologous end join-
ing (NHEJ) and the homology-directed repair (HDR) path-
ways.

The NHEJ pathway repairs DNA DSBs by joining the
broken ends through a homology-independent mechanisti-
cally flexible process, which often results in random small
insertions or deletions (indels) (9). Thus, CRISPR/Cas9-
introduced DNA cleavage followed by NHEJ repair has
been exploited to generate loss-of-function alleles in
protein-coding genes (10). In contrast, the HDR path-
way mediates a strand-exchange process to repair DNA
damage accurately based on existing homologous DNA
sequences (11). Utility of this repair mechanism enables
intentional replacement of endogenous genome segments
with plasmid sequences, allowing targeted DNA insertion
into genome and precise genetic modification in living
cells. CRISPR/Cas9-introduced site-specific DNA cleavage
greatly promotes HDR at nearby regions and enhances the
efficiency of HDR-based gene targeting (12).
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In human cells, efficient knock-in of foreign DNA into
a selected genomic locus has been long awaited. It is an-
ticipated to facilitate various applications, ranging from
gene function study to therapeutic genome editing. Cur-
rently, most studies have focused on HDR-based strate-
gies, and the rate of targeted integration was reported to
be low (13). This is because HDR in human cells is in-
trinsically inefficient, whereas NHEJ-mediated DNA repair
is prevalent (14). These properties result in generation of
few target clones amid a large number of random integra-
tions. Notably, in human embryonic stem cells (ESCs) (15)
and induced pluripotent stem cells (iPSCs) (16), which are
pluripotent and possess unprecedented potentials for ba-
sic research and cell-based therapies (17), gene targeting
via HDR is found to be particularly difficult and has im-
peded the application of these cells (18,19). Even in the pres-
ence of ZFN, TALEN or CRISPR/Cas9, the efficiency of
HDR-based gene targeting in human pluripotent stem cells
is found to be consistently low (20,21). In a recent study
by Merkle et al., the efficiency of CRISPR/Cas9-induced
HDR-mediated knock-in was estimated to be around 1 ×
10−5 without pre-selection (19). Hence, technical expertise
for sophisticated selections and cumbersome screening of
a large number of clones are required to obtain genetically
modified cells (19,21–23).

To date, it still remains unclear whether the extremely low
efficiency of HDR is a feature unique to human pluripo-
tent stem cells. Furthermore, it has not been investigated
whether the prevalent NHEJ repair can be employed to me-
diate high-efficiency knock-in in a wide range of human
cells, especially in ESCs. In order to address these ques-
tions, we constructed a universal reporter system, by tar-
geting the GAPDH locus in human genome with a pro-
moterless fluorescent reporter. Through systematic investi-
gation into the potentials of both HDR and NHEJ repair in
mediating CRISPR/Cas9-induced reporter integration, we
demonstrated that CRISPR/Cas9-induced NHEJ can me-
diate reporter knock-in more efficiently than HDR-based
strategy, in various human cells types including human
ESCs. This finding paves a new path for efficient genome
editing in human ESCs and somatic cells, and it offers a
great potential in their subsequent applications.

MATERIALS AND METHODS

Cas9 and sgRNA constructs

The human codon-optimized Cas9 (Addgene # 41815) and
nickase Cas9D10A (Addgene # 41816) plasmids were ob-
tained from Addgene (8). sgRNAs were designed and con-
structed as described previously (8,24). Briefly, target se-
quences (20 bp or 17 bp) starting with guanine and pre-
ceding the PAM motif (5′-NGG-3′) were selected from the
target genomic regions (8,25). Potential off-target effects
of sgRNA candidates were analyzed using the online tool
CRISPR Design developed by Zhang’s laboratory (http:
//crispr.mit.edu/), and the sgRNA sequences with fewer off-
target sites in human genome were selected for further anal-
ysis. Target sequences of sgRNAs used in this study are
shown in Supplementary Table S1, and the potential off-
target sites for sg-1–4 were listed in Supplementary Table
S2.

Donor constructs

Various donor plasmids were constructed. Details of the
cloning work were provided in Supplementary Data.

LIG4 overexpression construct

Human LIG4 cDNA was amplified by RT-PCR from the
RNA extracted from wild type LO2 cells, and cloned into
pCAG-ires-Hyg vector at the BglII and XhoI sites (26).
Primers used were listed in Supplementary Table S4.

Cell cultures

H1 human ESCs (WiCell Research Institute) were cultured
as previously described (27), on mitomycin-C-inactivated
MEF feeders. Prior to transfection, H1 human ESCs were
cultured feeder-free in mTeSR1 medium (Stemcell Tech-
nologies), on Matrigel (BD Biosciences). Medium was
changed daily and cells were subcultured with collage-
nase IV (Life technologies) every three days (27). Hu-
man somatic cell lines were obtained from ATCC. LO2
and HEK293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS); SMMC-7721, BEL-7402, BEL-7404
and H1299 cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 supplemented with 10% FBS; HK2
cells were cultured in 1:1 F-12/DMEM medium supple-
mented with 10% FBS; and HCT116 cells were cultured in
McCoy 5A medium supplemented with 10% FBS. All me-
dia and sera were purchased from Life Technologies. All
cells were incubated at 37◦C and 5% CO2.

Generation of LIG4 null LO2 cells

Wild type LO2 cells were co-transfected twice with Cas9
together with combined sgLIG4-i–iv. The transfected cells
were dissociated into single cells and seeded at low den-
sity (2000 cells/10cm dish) for clonal expansion. Individ-
ual clones were then isolated and analyzed by genome PCR
and western blot (details were provided in Supplementary
Data). Primers used are shown in Supplementary Table S4.

Transfection and gene targeting assays

H1 human ESCs were transfected using Amaxa nucleo-
fection (Lonza) according to the manufacturer’s instruc-
tions. Briefly, human ESCs were dissociated using TrypLE
into single cells. For each transfection, 5 × 106 cells were
mixed with 100 �l pre-warmed nucleofection reagents (82
�l solution-1 and 18 �l solution-B); the cell suspension was
then mixed with 16 �g DNA (6 �g donor + 6 �g Cas9 +
4 �g sgRNA) and electroporated. Electroporated H1 hu-
man ESCs were cultured on inactivated MEF feeders (27).
Medium was changed daily for 4–5 days and cells were dis-
sociated to prepare single cells for FACS analysis. The es-
timated transfection efficiency was around 53.5% using 16
�g pEGFP-N1 plasmid.

LO2, HEK293T and HCT116 cells were transfected us-
ing Lipofectamine 2000 (Life Technologies). SMMC-7721,
BEL-7402, BEL-7404, H1299 and HK2 cells were trans-
fected using FuGENE HD (Promega). Cells were seeded

http://crispr.mit.edu/
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into 12-well plates at a density of 5 × 105 cells/well. 1.6 �g
DNA (0.6 �g donor + 0.6 �g Cas9 + 0.4 �g sgRNA) and
4 �l Lipofectamine 2000 or 6 �l FuGENE HD were used
for transfection into each well, following the manufacturer’s
instruction. When more than one sgRNA were used, 0.4 �g
of total sgRNAs, divided equally by the number of plas-
mids, was added. In regard of LIG4 rescue assays in Figure
3B, additional 0.6 �g LIG4 cDNA overexpression plasmid
was combined with the 0.6 �g donor + 0.6 �g Cas9 + 0.4
�g sgRNA, and 5.5 �l Lipofectamine 2000 was used for
the transfection. The transfected cells were passaged once
or twice before FACS analysis (BD LSRFortessa Cell An-
alyzer). Transfection efficiency in these cell lines was esti-
mated by transfection of 1.6 �g pEGFP-N1 plasmid fol-
lowed by FACS analysis after 48 h.

RESULTS

Quantification of HDR-mediated knock-in in various human
cells

To directly quantify and compare the efficiency of
CRISPR/Cas9-induced HDR-mediated DNA integration
(HDR-targeting) across human ESCs and different somatic
cell types, we constructed a reporter system targeting the
GAPDH locus in human genome. Three sgRNAs (sg-1–
3) were designed to target the GAPDH 3′-UTR in close
proximity to the coding sequences (CDS); while a common
donor plasmid was generated to carry a promoterless 2a-
copGFP sequence flanked by two homology arms (HAs)
at each end, thus named 2a-copGFP(+HAs) donor (Fig-
ure 1A and Supplementary Figure S1A). When the DSBs
induced by Cas9/sg-1–3 are successfully repaired via ho-
mologous recombination between the genome and donor
template, the 2a-copGFP fragment will be inserted in frame
with the genomic GAPDH CDS and result in GFP ex-
pression (Figure 1A). This allows direct assessment of the
knock-in efficiency by FACS analysis.

Consistent with previous studies (19,23), we observed
HDR-mediated reporter integration at a low frequency in
H1 human ESCs. In the absence of either sgRNAs or Cas9,
no GFP+ cells were detected within 105 cells. When the
2a-copGFP(+HAs) donor plasmid was co-transfected with
Cas9 and sg-1, 2 or 3, GFP+ cells were observed at frequen-
cies of 0.17–0.36% (Figure 1B) with a transfection efficiency
at 53.5% (Supplementary Figure S1B). Variation in target-
ing efficiencies may reflect the intrinsic properties of differ-
ent sgRNAs, as indicated by T7E1 assays (Supplementary
Figure S1C).

On the other hand, the analysis using this reporter sys-
tem revealed varied but generally higher efficiencies of
CRISPR/Cas9-induced HDR-mediated knock-in in hu-
man somatic cell lines. In the presence of Cas9/sg-1, im-
mortalized human cells LO2 showed a targeting efficiency at
5.97%, whereas HK2 and HEK293T cells produced 1.61%
and 1.80% GFP+ cells (Figure 1C). Among the human can-
cer cell lines examined, BEL-7402, BEL-7404 and SMMC-
7721 exhibited a targeting efficiency of 1.87%, 1.49% and
4.43% respectively; while H1299 and HCT116 produced
1.60% and 2.59% GFP+ cells, respectively (Figure 1C).
Genome PCR and sequencing analysis of the sorted GFP+

cells showed that the 2a-copGFP indeed integrated pre-
cisely at the GAPDH 3′-UTR in the genome (Figure 1D,E),
which supported that the targeting processes were medi-
ated by the HDR pathway. Transfection efficiency in these
somatic cell lines ranged from 50.0% to 73.5% (Supple-
mentary Figure S1D); while frequency of indels induced
by Cas9/sg-1, which indicates its genome-targeting activ-
ity, ranged from 6.8% to 50.1% in different cell lines (Sup-
plementary Figure S1E). No apparent correlation was ob-
served among the transfection efficiencies, Cas9/sg-1 tar-
geting activities and HDR-mediated knock-in efficiencies.
Compared to the fully functional Cas9, nickase Cas9D10A

induced reporter knock-in at a lower efficiency (Figure 1C).
Together, these data showed that the HDR-mediated

DNA integration occurred at varied frequencies in different
human cell types; the knock-in frequency was indeed lower
in human ESCs than that in somatic cells, by approxima-
tively 10–20 fold.

Homology-independent knock-in via CRISPR/Cas9-
induced NHEJ repair

To explore the potential of CRISPR/Cas9-induced NHEJ
in mediating DNA integration (non-homology (NH)-
targeting), we constructed two donor plasmids that carry
promoterless ires-eGFP, but without homology sequences
to the GAPDH locus (Figure 2A). In these NH-donors, we
inserted a single sgRNA (sg-A) target site at 5′ of ires-eGFP
(single-cut donor), or two sg-A sites at both sides of ires-
eGFP (double-cut donor), to introduce cleavage for desired
integration and to generate ires-eGFP fragments in differ-
ent lengths (Figure 2A). The ires element was used to by-
pass any frameshift caused by NHEJ-introduced indels and
to ensure GFP expression after reporter integration.

We co-transfected these NH-donor plasmids with
Cas9/sg-A/sg-1, 2 or 3 into LO2 cells. Intriguingly, we
detected a high frequency of reporter insertion when the
single-cut donor was used. GFP+ cells were detected in
the presence of sg-1, 2 or 3 at a frequency of 16.41%,
20.99% and 15.05%, respectively (Figure 2B, top row). The
targeting efficiencies decreased with all sg-1–3 when the
double-cut donor vector was used to produce a shorter
ires-eGFP fragment (Figure 2B, middle row). Importantly,
no obvious reporter knock-in could be detected in the
absence of either sg-1–3 or sg-A (Figure 2B, left column
and bottom row), or when nickase Cas9D10A was used to
introduce single strand breaks (SSBs; Figure 2C). This
indicated that, unlike HDR-based knock-in, site-specific
DSBs in both genome and donor DNAs are stringently
required for reporter knock-in at a selected genomic locus
via the NH-targeting.

PCR analysis of GFP+ cells produced with the single-
cut donor verified the integration of ires-eGFP fragment
together with vector backbone at the GAPDH 3′-UTR in
the genome (Figure 2D, left panel). Similarly, in the GFP+
cells produced with double-cut donor, PCR analysis con-
firmed the genomic insertion of the short ires-eGFP frag-
ment, which was located between the two sg-A target sites
(Figure 2D, right panel). Sequencing analysis of integration
junctions in both types of GFP+ cells confirmed the cleav-
age by specific sgRNAs as well as the rejoining between
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Figure 1. Varied frequency of HDR-mediated gene targeting in different human cell lines. (A) Schematics of the donor plasmid and targeting strategy
for HDR-mediated knock-in of the 2a-copGFP reporter at GAPDH 3′-UTR. Dashed lines indicate sections of homology between the genomic locus
and plasmid DNA. Positions of PCR primers used for detection of reporter knock-in are shown. (B) FACS analysis of H1 human ESCs, showing HDR-
mediated integration of 2a-copGFP in the presence of Cas9 and sg-1, 2 or 3. Human ESCs were co-transfected with donor/Cas9/sgRNAs by nucleofection,
and analyzed four days after transfection. X and Y-axis denote levels of GFP signal and forward scatter area, respectively. (C) FACS results showing
varied frequencies of HDR-mediated 2a-copGFP knock-in in different human cell lines. 2a-copGFP(+HAs) donor and Cas9 were co-transfected, with or
without sg-1, into eight human cell lines. GFP+ cells from the Cas9/sg-1 targeted cells (green signals gated to the right of the dashed line in each panel)
were sorted for further analysis. To compare with the fully functional Cas9, nickase Cas9D10A were co-transfected with 2a-copGFP(+HAs) donor and sg-1
in selected cell lines, and the FACS results were shown in the column 3 and 6. (D) Genome PCR analysis of GFP+ cells produced with Cas9/sg-1 in C.
Primer binding sites are indicated in A. Primer pair F1/R1 and F2/R2 amplify the 5′-junction (1350 bp) and the 3′-junction (1473 bp) of the 2a-copGFP
integration, respectively. Primers F1/R2 amplified two DNA fragments that represent the wild type (2480 bp) and modified alleles (3241 bp). All amplified
DNA fragments exhibited the expected sizes, indicating correct integration of 2a-copGFP via HDR into the genome. (E) Sequencing results of the PCR
fragments amplified from the junctions. Expected modifications were confirmed at both 5′- and 3′-junctions, indicating precise integration of 2a-copGFP
through HDR-mediated repair.
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Figure 2. Homology-independent knock-in of reporter genes into CRISPR/Cas9-induced DSBs in genome. (A) Schematics of the donor plasmids and
targeting strategy for CRISPR/Cas9-induced homology-independent insertion of the ires-eGFP reporter at the GAPDH 3′-UTR. Two NH-donor plasmids
were generated; one plasmid (left panel) carries a single sg-A target site at the 5′ of ires-eGFP reporter (single-cut donor), and the other (right panel)
carries two sg-A target sites at both the 5′ and 3′ sides of ires-eGFP (double-cut donor). Dashed lines indicate positions of DSBs introduced and the
cleaved genome and plasmids rejoined. (B) FACS analysis of LO2 cells showing homology-independent knock-in of the ires-eGFP reporter, induced by
different combinations of donor plasmids and sgRNAs in the presence of fully functional Cas9. The top row shows the targeting results produced with
single-cut NH-donor/Cas9/sg-A/sg-1, 2 or 3, while the middle row shows the results obtained when the double-cut donor plasmid was used. Controls
without sg-A are shown in the bottom row. GFP+ cells are gated to the right of the dashed line in each panel. (C) FACS analysis showing no detectable
reporter integration in LO2 cells when nickase Cas9D10A was used instead of fully functional Cas9, either with the single- or the double-cut NH-donor
plasmid. (D) Genomic PCR of GFP+ cells sorted from samples in B. Positions of primers used for junction detection are indicated in A. PCR amplifications
showed DNA fragments at expected sizes, indicating correct integration of the ires-eGFP donors at the GAPDH 3′-UTR. (E) The upper panel shows the
schematics of sg-1, 2 and 3 target sites in the GAPDH genomic locus, sg-A target site in the single-cut NH-donor, and the positions of cleavage and rejoining
between the genome and the donor DNAs. The lower panel shows sequences of the integration junctions amplified from GFP+ cells produced with the
single-cut donor (in D, left panel). 5′- and 3′-junctions of sg-1, 2 or 3-induced integrations were analyzed separately. For each junction, multiple sequences
are shown. Nucleotides of different sgRNA target sites and PAMs are color-coded. Sequences from donor templates are shown in gray and the genomic
DNA sequences flanking the integration junction are shown in black.
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Figure 3. Conventional NHEJ repair mediates efficient knock-in of large reporter genes. (A) Upper panel shows the schematics of the sgLIG4-i–iv target po-
sitions at the LIG4 locus. These sgRNAs were combined and co-transfected with Cas9 into LO2 cells to generate LIG4 knock-out clones. Lower panel is the
western blot, showing the loss of DNA ligase IV in the obtained LIG4 null clones, and LIG4 expression introduced by transfection of LIG4 cDNA construct
into these cells. (B) FACS analysis of the LIG4 knock-out LO2 cells. Homology-independent knock-in was induced by single-cut NH-donor/Cas9/sg-A/sg-
2, and HDR-based knock-in was introduced using 2a-copGFP(+HAs) donor/Cas9/sg-2, in both wild type as well as LIG4 knock-out LO2 cells. Drastic
decrease of NH-targeting and rescue by LIG4 overexpression were observed in both LIG4 null clone #S16 and #T8 (left panel). Significant increase of
HDR knock-in was also observed in LIG4 null cells (right panel). (C) FACS results showing NHEJ-mediated knock-in with large size donors. 12k and 34k
NH-donors were co-transfected with Cas9/sg-A/sg-2 into wild type LO2 cells. Controls were transfected without sg-2 or sg-A. GFP+ cells are gated to the
right of the dashed line in each panel. At the same time, constant GFP-expressing 12k (PB) and 34k (AD) GFP-vectors were transfected in parallel; and
the transfection efficiencies examined at day 2 by FACS are shown at the lower panel. (D) PCR detection of the reporter integration in the transfected cells
(unsorted) in C. Primer pair F3/R3 detected the 5′-junctions of the12k and 34k NH-donors integrated at GAPDH 3′-UTR. PCR amplifications showed
DNA fragments at expected sizes.

genome and donor templates at the cleavage sites (Figure
2E and Supplementary Figure S2), suggesting that the in-
tegrations indeed occurred at Cas9/sgRNA-induced DSB
sites.

To explore whether this NH-targeting approach could
produce stable knock-in clones at high efficiency, we
expanded the cells transfected with single-cut NH-
donor/Cas9/sg-A/sg-2 and 3 at a low density. Among
the colonies raised from the unsorted cells, we observed
pure GFP+ clones (Supplementary Figure S3A). Among
90 clones randomly isolated from the cells transfected
with sg-2, 13 were found to be GFP+ (14.44%). PCR
and sequencing analysis confirmed that these clones
indeed carried the correct reporter knock-in in their
genomes (Supplementary Figure S3B,C), suggesting a
success in generating stable knock-in clones without any
pre-selection.

To further uncover the molecular basis underlying these
homology-independent reporter integrations, we generated
DNA ligase IV (LIG4) knock-out LO2 cells by deleting
large pieces of the LIG4 CDS using Cas9/sgRNAs (Fig-
ure 3A). In the two LIG4 knock-out clones examined, we
observed drastic decrease of reporter knock-in after trans-
fection with the single-cut NH-donor/Cas9/sg-A/sg-2, as
compared to that in wild type LO2 cells (Figure 3B, left
panel, top row). Moreover, the decrease of NH-targeting in
these LIG4 null cells could be rescued by a plasmid carrying

LIG4 overexpression cassette (Figure 3B, left panel, bottom
row). Consistent with the recent studies by Maruyama et al.
(28) and Chu et al. (29), we also observed a significant in-
crease of the HDR-based knock-in of 2a-copGFP reporter
in these LIG4 null cells (Figure 3B, right panel), which cor-
related with the loss of NHEJ activity. Collectively, these
data showed that the homology-independent reporter inte-
grations observed were indeed largely mediated by the con-
ventional DNA ligase IV-dependent NHEJ pathway.

NHEJ-mediated knock-in is non-directional and it accommo-
dates large DNA inserts

Next, we speculated that the linearized NH-donor or frag-
ments might also integrate via NHEJ repair in the reverse
direction and result in no GFP expression (Supplementary
Figure S4A). Moreover, the cleavages at both sg-A target
sites in the double-cut donor likely produced two fragments,
which might compete for genomic integration and lower
the efficiency of GFP+ integration (Supplementary Figure
S4A, right panel). PCR analysis indeed confirmed the pres-
ence of these non-GFP expressing integrations (Supplemen-
tary Figure S4B). The detection of non-GFP expressing in-
tegrations in the sorted GFP+ cells, which carried the cor-
rect reporter knock-in in at least one allele, suggested that
different integrations might occur at the two genomic alleles
in a single cell. These data indicated that NHEJ-mediated
knock-in is non-directional and non-selective, and GFP+
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cells observed represented only a portion of cells that car-
ried DNA integrations. This also explained why a lower
rate of reporter knock-in was observed when the double-
cut donor was used. Given that single-cut donor/Cas9/sg-
A/sg-2 produced 20.99% GFP+ cells in LO2 cells (Figure
2B), together with non-GFP expressing events, the total fre-
quency of NHEJ-mediated integration at the single target
site deduced might reach up to 40%.

Off-target effect is a general concern to all
CRISPR/Cas9-based technology (30). Because of the
homology-independent and non-directional nature, the
NHEJ-mediated knock-in approach faces a higher chance
to introduce DNA insertion at an off-target site than the
HDR approach does. To evaluate the off-target effect, we
searched for the potential off-target sites that contain ≤
2 mismatches to the used sgRNAs, throughout the entire
human genome (hg19). We found no strong off-target
site for sg-A. For sg-1, 2 and 3 targeting GAPDH, we
identified 15, 14 and 6 potential off-target sites respectively,
and none of these off-targets are located in an exon of a
known transcript (Supplementary Table S2). We further
selected the top 3 off-targets of sg-2, and performed PCR
analysis on off-target integrations. Among the 90 single-cell
clones that were expanded previously, none were found to
carry reporter integration at the off-target site #1, while
integration at off-target site #2 and #3 were found in
two and three clones, respectively. Compared with the
number of correct knock-in clones obtained (13 out of 90;
Supplementary Figure S3), these results indicated that off-
target integrations might occur during the NHEJ-mediated
knock-in, but at a much lower frequency than the on-target
insertion.

Furthermore, we examined whether the NHEJ-mediated
knock-in could accommodate a larger insert. We con-
structed new plasmids named 12k and 34k NH-donors, by
inserting the promoterless ires-eGFP reporter together with
the 5′ sg-A target sequence into a large PiggyBac vector (12
kb) and an adenoviral vector (34 kb), respectively. These
donors can be cleaved at the sg-A target sequence upon
the co-transfection with Cas9/sg-A, thus providing linear
donors that carry the ires-eGFP in a 12 kb or 34 kb back-
bone for NHEJ-based knock-in. After co-transfection with
the Cas9/sg-A/sg-2, we detected 7.49% GFP+ cells with the
12k NH-donor, and 1.18% with the 34k NH-donor (Figure
3C, upper panel). Together with the 20.99% GFP+ cells ob-
served using the single-cut NH-donor (4.6 kb; Figure 2B), it
was apparent that the knock-in frequencies decreased when
larger donors were used. This might be caused, at least par-
tially, by the reduced transfection efficiencies of the larger
plasmids (Figure 3C, lower panel). PCR analysis of the
transfected cells further confirmed the correct knock-in of
these large donors at the GAPDH locus (Figure 3D).

Comparison between the frequencies of HDR- and NHEJ-
mediated knock-in

To further clarify whether NHEJ repair facilitates DNA
integration at a higher efficiency than HDR does, we
constructed another donor plasmid that carries an iden-
tical ires-eGFP reporter flanked by homology arms to
the GAPDH locus. The 5′ homology arm in this plas-

mid is longer than that in 2a-copGFP(+HAs) donor, cov-
ering the GAPDH stop codon as well as sg-2 and sg-3
target sites (Figure 4A, upper panel). When this donor,
namely ires-eGFP(+HAs) donor-1, was co-transfected with
Cas9/sg-1 in LO2 cells, we detected HDR-mediated re-
porter knock-in at 7.11% (Figure 4B, Supplementary Fig-
ure S5A–C). This frequency was comparable to that pro-
duced by HDR-targeting using the 2a-copGFP(+HAs)
donor with Cas9/sg-1 (Figure 1C), but lower than that pro-
duced by NH-targeting using either single- or double-cut
donor and Cas9/sg-1 (Figure 2B).

Interestingly, when we co-transfected the ires-
eGFP(+HAs) donor-1 with Cas9/sg-2 or sg-3, which
targets to the 5′ homology arm in both genome and donor
plasmid, GFP+ cells increased to 14.75% and 17.36%
respectively (Figure 4B). These knock-in efficiencies were
comparable to NH-targeting with the single-cut donor
(Figure 2B, top row). Genome PCR and sequencing con-
firmed end-joining between genome and donor plasmids
beyond the 3′ homology arm (Supplementary Figure
S5A,B,D), suggesting that Cas9/sg-2 or sg-3 cleaved both
genomic and donor DNAs, and induced NHEJ-mediated
integration of the reporters. On the other hand, when
Cas9/sg-4 was used to target the 3′ homology arm, GFP+
cells decreased to 10.06% (Figure 4B). Sequencing analysis
detected no indels at the 5′-junctions (Supplementary
Figure S5A,B,E), suggesting that the intact 5′ homology
arms mediated HDR-based integrations, which explained
the knock-in observed at a lower frequency.

Next, we constructed the ires-eGFP(+HAs) donor-2 by
using a shortened 5′ homology arm that does not contain
the sg-2 and sg-3 target sites (Figure 4A, upper panel).
This plasmid will not be cleaved by Cas9/sg-2 or sg-3 and
can only serve as donor for HDR-based knock-in. Indeed,
co-transfection of Cas9/sg-2 with this new donor yielded
6.46% GFP+ cells (Figure 4C, top row). This frequency
was much lower than the NHEJ-based knock-in intro-
duced with ires-eGFP(+HAs) donor-1/Cas9/sg-2 (Figure
4B), while it was comparable to the HDR-mediated reporter
integrations produced using Cas9/sg-1 together with either
type of the (+HAs) donors (Figures 1C and 4B,C).

To compare the NHEJ- and HDR-based knock-in in the
identical conditions, we further examined HDR-mediated
reporter insertion using a linearized donor. We constructed
the ires-eGFP(+HAs) donor-2.A and donor-2.B, by in-
serting a sg-A target sequence at the 3′ or 5′ of the
ires-eGFP(+HAs) cassette, respectively (Figure 4A). These
donors thus can be cleaved at the sg-A target site by
Cas9/sg-A to provide linear templates carrying homology
arms. Using the ires-eGFP(+HAs) donor-2.A in presence of
sg-A, we observed 7.30% GFP+ cells with sg-1, and 7.42%
with sg-2 (Figure 4C, third row), which were indeed higher
than the results obtained using circular donors (Donor-2,
or Donor-2.A and 2.B without sg-A; Figure 4C, top, sec-
ond and fourth rows). These frequencies, however, were still
much lower than that produced through NHEJ-based re-
porter knock-in (Figure 2B, top row; and Figure 4B, with
sg-2 and sg-3). Interestingly, using the ires-eGFP(+HAs)
donor-2.B and Cas9/sg-A, we observed 19.75% GFP+ cells
with sg-1, and 27.23% with sg-2 (Figure 4C, bottom row).
It indicated that the linearized donor-2.B enabled NHEJ-
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based knock-in, and the high proportion of GFP+ cells
likely represented a combinatory result of both NHEJ- and
HDR-mediated GFP+ knock-in events.

Collectively, these data are consistent with the results
observed using 2a-copGFP(+HAs) donor (Figure 1C) or
single-cut NH-donor (Figure 2B); and they clearly showed
that the simultaneous introduction of DSBs in genome and
donors induced targeted DNA integration via NHEJ, at a
higher efficiency compared with that mediated by an HDR-
based approach.

CRISPR/Cas9-coupled NHEJ introduces efficient knock-in
at both active and silenced gene loci

Next, we examined whether the chromatin architecture in
a local genomic context influences the efficiency of NHEJ-
mediated reporter knock-in, by targeting another actively
transcribed locus ACTB and several silenced gene loci, in-
cluding SOX17, T, OCT4, NANOG and PAX6.

We designed two sgRNAs targeting ACTB 3′-UTR
to examine the HDR- and NHEJ-mediated knock-in at
the ACTB locus. By co-transfecting the single-cut NH-
donor/Cas9/sg-A together with sgACTB-i or sgACTB-ii,
we observed GFP+ cells at 10.25% and 15.27%, respec-
tively (Figure 4D, lower left panel, top row). Using the
newly constructed ACTB HDR-donor, which carried the
ires-eGFP flanked by homology arms to ACTB gene lo-
cus, we observed the HDR-based knock-in at 2.38% with
sgACTB-i, and 8.60% with sgACTB-ii (Figure 4D, lower
left panel, bottom row). Both the NHEJ- and HDR-based
knock-in frequencies were comparable to that observed at
the GAPDH locus.

In order to examine knock-in at a silenced gene locus
directly by FACS analysis, we employed the PGK-eGFP
reporter (Figure 4D, upper right panel), which will ex-
press GFP after integration regardless whether the target
locus is actively transcribed or not. We constructed a con-
stant expression (CE) NH-donor which carries the sg-A
target sequence at 5′ of the PGK-eGFP cassette; mean-
while, we generated sgRNAs targeting the SOX17 and T
3′-UTRs. It is noteworthy that because the expression of
PGK-eGFP reporter is independent from integration ori-
entations, the GFP+ cells observed in these assays repre-
sented knock-in events in either orientation. After trans-
fected with the CE NH-donor/Cas9/sg-A and one of the

gene-specific sgRNAs, the LO2 cells were maintained for
five passages to eliminate the transient GFP expression be-
fore FACS analysis. Indeed, we detected 26.25% and 32.04%
GFP+ cells for sgSOX17-i and sgSOX17-ii respectively, and
observed 16.00% GFP+ cells with sgT-i (Figure 4D, lower
right panel, top row). In contrast, only around 2–3% GFP+
cells were observed in the absence of gene-specific sgRNA;
and around 1% GFP+ cells were detected in the absence
of sg-A. Using this CE NH-donor, we also examine the
NHEJ-mediated knock-in at various positions of OCT4,
NANOG, T and PAX6 gene loci, which are largely silenced
in LO2 cells. Indeed, we observed varied knock-in frequen-
cies, which correlated neither with the target positions in a
gene, nor the transcriptional status of the target loci (Sup-
plementary Figure S6A,B), suggesting that the actual tar-
geting efficiency was largely determined by the intrinsic
properties of a sgRNA.

Furthermore, we examined the HDR-based knock-in at
the SOX17 and T genomic loci, using donor plasmids car-
rying PGK-eGFP flanked by homology arms to SOX17
or T genomic regions respectively. Similarly, the trans-
fected cells were passaged for five times before FACS analy-
sis. By transfecting the SOX17 HDR-donor together with
Cas9/sgSOX17-i or sgSOX17-ii, we observed 1.30% and
2.83% GFP+ cells, which indicated the HDR-mediated
knock-in at SOX17 locus; while usage of T HDR-donor to-
gether with Cas9/sgT-i produced 1.59% GFP+ cells (Fig-
ure 4D, lower right panel, bottom row). These frequencies
were indeed much lower than that produced by the NHEJ-
based knock-in at the same target sites (Figure 4D, lower
right panel, top two rows). Moreover, they were also lower
than the HDR-based knock-in observed in actively tran-
scribed GAPDH and ACTB loci (Figure 4B,C and D, lower
left panel, bottom row), which is consistent with previous
studies showing that active transcription enhances homol-
ogous recombination (31,32).

Collectively, these results indicated that CRISPR/Cas9-
coupled NHEJ could mediate efficient knock-in at both ac-
tive and silenced gene loci, and the efficiencies were higher
than that produced by an HDR-based approach.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
in the ires-eGFP(+HAs) donor-1 are highlighted in gray, and the HAs used in donor-2, 2.A and 2.B are highlighted in purple. Donor-2.A carries a single
sg-A target site at the 3′, and Donor-2.B carries a sg-A target site at the 5′ of the ires-eGFP(+HAs) cassette. (B) FACS analysis of LO2 cells transfected
with the ires-eGFP(+HAs) donor-1/Cas9 and sg-1, 2, 3 or 4. Due to the different target positions on the genome and the donor, sg-1 induced HDR-
mediated knock-in; sg-2 and sg-3 induced NHEJ-based knock-in; and sg-4 mainly produced GFP+ cells via the HDR-based knock-in through the intact
5′ homology arm. (C) FACS analysis showing HDR-mediated knock-in with circular and linear donor templates. The ires-eGFP(+HAs) Donor-2, 2.A or
2.B were transfected together with Cas9/sg-1 or Cas9/sg-2. The Donor-2.A and 2.B were both examined in the presence of sg-A (linear) as well as in the
absence of sg-A (circular). Cas9/sg-A cleaves the Donor-2.A at 3′ of the ires-eGFP(+HAs) cassette and the linearized Donor 2.A produced GFP+ cells
via HDR-mediated knock-in. Distinctly, Cas9/sg-A cleaves the Donor-2.B at 5′ of the ires-eGFP(+HAs) cassette, and the linearized Donor 2.B produced
high proportion of GFP+ cells via both NHEJ- and HDR-mediated knock-in. (D) FACS results showing NHEJ- and HDR-mediated reporter knock-in
at ACTB, SOX17 and T gene loci. Upper panel shows the schematics of ires-eGFP and PGK-eGFP reporters used for knock-in at ACTB and SOX17 or T
gene loci, respectively. Single-cut NH-donor was co-transfected with Cas9/sg-A/sgACTB-i or sgACTB-ii to target the ACTB locus (lower left panel, top
two rows); while the CE NH-donor was co-transfected with Cas9/sg-A/sgSOX17-i, sgSOX17-ii or sgT-i to target the SOX17 or T gene loci (lower right
panel, top two rows). ACTB HDR-donor carrying ires-eGFP, and SOX17 and T HDR-donors containing PGK-eGFP, were co-transfected with Cas9 and
corresponding sgRNAs to examine the HDR-based knock-in (lower panel, bottom row). Control samples were transfected without gene-specific sgRNA
or sg-A. FACS analysis for the tests at ACTB locus was performed at day 5 after transfection. Cells transfected with PGK-eGFP containing donors for
the tests at SOX17 and T loci, were maintained for five passages before FACS analysis. GFP+ cells are gated to the right of the dashed line in each panel.
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Efficient knock-in via CRISPR/Cas9-coupled NHEJ in hu-
man ESCs and somatic cell lines

Using the ires-eGFP donors with or without HAs, we ex-
amined the efficiency of NHEJ-mediated reporter knock-
in in human ESCs. Indeed, the reporter knock-in ob-
served was more efficient compared to that introduced us-
ing the HDR-based approach. Co-transfection of single-cut
NH-donor/Cas9/sg-A/sg-1 produced 0.83% GFP+ cells,
and the proportion of GFP+ cells increased up to 1.70%
when sg-2 was used (Figure 5A, left panel). These NHEJ-
mediated integrations indeed occurred at a higher frequency
than the HDR-based knock-in, induced either by Cas9/sg-
1–3 with the 2a-copGFP(+HAs) donor (Figure 1B), or by
Cas9/sg-1 with the ires-eGFP(+HAs) donor-1 (Figure 5A,
right panel, sg-1). Consistently, when we co-transfected the
ires-eGFP(+HAs) donor-1 with Cas9/sg-2, which can si-
multaneously cleave both genome and donor DNAs and in-
duce NHEJ-mediated donor integration, the yield of GFP+
cells increased to 0.93% (Figure 5A, right panel, sg-2). This
insertion rate is also higher than that in HDR-targeting
(Figure 1B and Figure 5A, right panel, sg-1), and closer
to that produced with the single-cut NH-donor/Cas9/sg-
A/sg-1 or sg-2 (Figure 5A, left panel). We further sorted the
GFP+ cells produced with single-cut donor/Cas9/sg-A/sg-
2. These cells maintained the human ESC morphology in
culture and expressed the pluripotency markers OCT4 and
TRA-1–60 (Figure 5B), suggesting that the NHEJ knock-in
process did not interfere with the maintenance of pluripo-
tency state, and it allows the generation of stable knock-in
cells simply by FACS sorting.

To verify whether the CRISPR/Cas9-coupled NHEJ-
targeting strategy can knock-in the reporter into other ge-
nomic loci in human ESCs efficiently, we co-transfected
the single-cut NH-donor/Cas9/sg-A together with sgR-
NAs targeting the OCT4 or ACTB genes at their 3′-UTRs.
Both OCT4 and ACTB genes are actively transcribed in
human ESCs; hence, knock-in of ires-eGFP reporter at
their 3′-UTRs will produce GFP and allow direct analy-
sis by FACS. Indeed, we observed 0.55% and 0.40% GFP+
cells in the H1 human ESCs transfected with sgOCT4-iv
or sgACTB-ii, respectively (Supplementary Figure S7A).
PCR and sequencing analysis on the OCT4 locus further
confirmed the integration of single-cut donor at the target
site (Supplementary Figure S7B,C). Collectively, these data
showed that CRISPR/Cas9-coupled NHEJ repair can me-
diate efficient knock-in of reporter genes into a selected ge-
nomic locus in human ESCs.

To compare in a broader range of human cells, we further
quantified NHEJ- and HDR-mediated reporter knock-in
in other human somatic cell lines. We found that, indeed,
the NHEJ-based reporter knock-in was more efficient than
HDR-mediated integration in all human somatic cell lines
examined (Figure 5C). The ratio of GFP+ cells ranged from
2.76% in HCT116 cells to 18.42% in SMMC-7721 cells,
when single-cut donor/Cas9/sg-A/sg-1 were used (Figure
5C). Interestingly, LO2, BEL-7402, and SMMC-7721 cells
exhibited relatively higher efficiency in both NHEJ and
HDR-mediated targeting, whereas, HCT116, H1299 and
HK2 were relatively inefficient in both targeting strategies
(Figure 5C). Notably, among all the cell lines examined,

human ESCs showed the lowest efficiency in both NHEJ-
and HDR-targeting (Figure 5C). These results implied that
there may be intrinsic restrictions hampering efficient gene
targeting in human ESCs, via either HDR or NHEJ re-
pair. This observation is consistent with previous literatures
(19,33–34), suggesting that human ESCs possess unique
properties in repairing DNA damage. Therefore, further in-
vestigation is needed to uncover the deliberate mechanisms
and resolve existing discrepancy regarding DNA repair in
human ESCs.

DISCUSSION

In summary, our results demonstrate that the NHEJ repair
can enable efficient rejoining of genome and plasmids fol-
lowing CRISPR/Cas9-induced DNA DSBs, which permits
knock-in of large DNAs at remarkably higher efficiency
than HDR-mediated integrations, in all human cell lines
examined. These data have established CRISPR/Cas9-
coupled NHEJ repair as a valuable path for efficient knock-
in in human ESCs and somatic cells (Figure 5D), providing
great potential in biomedical research and therapeutic ap-
plications.

Efficient knock-in of exogenous DNA is a highly desir-
able technology for studies carried out in human cells. Fol-
lowing previous far-reaching success in generating genet-
ically modified mice (35,36), tremendous effort has been
made to exploit HDR-mediated approaches for precise
DNA insertion or replacement at a selected genomic lo-
cus (18,37). Even after the emergence of ZFNs, TALENs
and CRISPR/Cas9 technologies, the competence and po-
tential of other DNA repair mechanisms were not well ex-
plored, and most gene targeting studies still focused on
HDR-mediated approaches to introduce genomic knock-in
(19–21,23,28–29).

In fact, NHEJ repair is predominant in mammalian
cells. Random DNA integration via NHEJ has been widely
used to generate transgenic animals and cell lines, and
the frequency was estimated to be over-1000-fold higher
than HDR-mediated DNA insertion (37). In the stud-
ies of HDR-based gene targeting using TALEN and
CRISPR/Cas9, NHEJ-introduced indels were found to oc-
cur at a higher frequency than HDR-mediated reporter
knock-in (38), and the prevalence of NHEJ-based knock-
in was observed when single strand oligonucleotide donors
were provided for HDR-mediated gene correction (39).
However, very few studies have directly investigated the na-
ture of these NHEJ-based integration processes, and their
application potential as a biological technology has not
attracted attention until recently. Following pioneer stud-
ies that showed the NHEJ-mediated capture of exogenous
DNA at genomic DSBs (40), Orlando et al. (2010) first
found that short oligonucleotides (<100 bp) could be in-
serted efficiently at ZFN-induced genomic DSBs via NHEJ
repair (41). By introducing a ZFN or TALEN target se-
quence in donor plasmids, Cristea et al. and Maresca et al.
(2013) further showed that simultaneous cleavage on both
plasmid and genome DNAs by nucleases enabled targeted
integration of large plasmid DNA at the genomic DSBs
via NHEJ repair (42,43). This design was then coupled to
CRISPR/Cas9 system for reporter knock-in in zebrafish
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Figure 5. CRISPR/Cas9-coupled NHEJ mediates more efficient reporter knock-in than HDR in human ESCs and somatic cell lines. (A) Knock-in of
ires-eGFP reporter via CRISPR/Cas9-coupled NHEJ repair in human ESCs. Left panel shows the NHEJ-mediated knock-in of ires-eGFP reporter. Both
single-cut and double-cut NH- donors were examined in combination with sg-1 or sg-2. Right panel shows the reporter integration introduced with the ires-
eGFP(+HAs) donor-1 and Cas9/sg-1, 2 or 4. Sg-1 and sg-4 mainly produced GFP+ cells via the HDR-based knock-in; while sg-2 induced NHEJ-based
knock-in, due to the presence of sg-2 target site at the 5′-HA in the donor. FACS analyses were performed four days after nucleofection. GFP+ cells are
gated to the right of the dashed line in each panel. (B) Immunofluorescence detection of pluripotency markers OCT4 (upper panel) and TRA-1–60 (lower
panel) in the GFP+ cells sorted from H1 human ESCs transfected with single-cut donor/Cas9/sg-A/sg-2. Nuclei were counterstained with Hoechst. (C)
Summary of Cas9/sg-1-induced NHEJ- and HDR-targeting in human ESCs and somatic cell lines examined. Single-cut and double-cut NH-donor were
used for NHEJ-based targeting. The ires-eGFP (+HAs) donor-1 plasmid was used for HDR-based targeting. Percentages of GFP+ cells, presented as the
mean ± s.d., were derived from three independent experiments. (D) Schematic diagram illustrating the balance between NHEJ- and HDR-mediated DSB
repair in human cells, as well as the strategies (boxes) used for gene targeting.

(44–48) and Xenopus (49), in which, the HDR-mediated
gene insertion was extremely inefficient. To date, the po-
tential of CRISPR/Cas9-induced NHEJ in mediating large
DNA insertion has not been systematically investigated in
human cells, and the efficient knock-in in human ESCs still
remains a challenge.

In this study, we constructed promoterless fluorescent re-
porters targeted to the GAPDH locus in human genome.

The ubiquitously active nature of the GAPDH gene enables
GFP expression upon correct knock-in, allowing rapid as-
sessment by FACS and direct comparison among differ-
ent human cell types without any cumbersome process
of raising single-cell clones. In addition, we employed a
sg-A target site taken from prokaryotic DNA sequence,
which has no homology to human genome, thus it makes
the Cas9/sg-A universal in providing linearized donors for
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NHEJ knock-in and suitable for the direct comparison
across multiple human cell lines. Using these reporter sys-
tems, with or without homology arms, we quantified the
homology-dependent and independent reporter knock-in
directly in various human cell lines. We found that, indeed,
CRISPR/Cas9-coupled NHEJ mediates efficient DNA in-
sertion when DSBs are introduced to both genome and
donor DNAs; and the knock-in efficiency is much higher
than that mediated by HDR-based approach, in all human
cell lines examined. Our analysis using LIG4 null LO2 cells
showed that the high-frequency homology-independent
knock-in events were indeed largely mediated by the con-
ventional NHEJ (C-NHEJ) pathway. Clonal expansion fur-
ther demonstrated that, with this NHEJ-based targeting
approach, stable knock-in clones could be generated in a
fluorescence-independent selection-free manner. Together,
these data suggest that CRISPR/Cas9-coupled NHEJ re-
pair can provide a valuable path for efficient knock-in in hu-
man cells; meanwhile, the results obtained have established
our reporter systems as valuable tools for rapid quantifica-
tion of the HDR and NHEJ activities across different cell
lines/clones, which could be useful for dissecting a given
molecular pathway, or for screening of therapeutic com-
pounds to restore the impaired DNA repair responsible for
human diseases.

In addition, we have unraveled distinct features of the
NHEJ-mediated knock-in. Unlike the HDR-based DNA
insertion, the NHEJ-based knock-in stringently relies on
the presence of DSBs in both genome and donor DNAs;
it allows integration at either orientation and it can accom-
modate insertion of large DNAs (up to 34 kb). Importantly,
the homology-independent nature also rendered this NHEJ
knock-in approach an advantage in targeting silenced ge-
nomic loci, which have been shown to be difficult to access
through traditional HDR-based knock-in strategy (50,51).
Currently, the CE-NH donor we employed still produced
non-specific GFP signal due to transient expression and
random integration; hence, further work is needed to im-
prove the reporter design for knock-in at a silenced gene
locus.

On the other hand, we showed that the high-efficiency
NHEJ knock-in approach could potentially introduce un-
desired DNA integration at low frequency, due to off-target
cleavage by Cas9/sgRNA (30). It is possible that off-target
integrations may also produce GFP if the target locus is
actively transcribed or the PGK-eGFP reporter is used.
Therefore, it is important to follow high-stringency crite-
ria in sgRNA design for minimizing the off-target effect.
Usage of the new Cas9 that has been further optimized to
reduce off-target effect is also likely beneficial (52). More-
over, as shown by our results as well as by other studies
(38,39), high-frequency NHEJ-mediated repair events may
occur in many types of genome editing without being de-
tected in a particular assay; hence, unwanted genomic mod-
ification should be considered and controlled during data
analysis and interpretation. Together, to beware and to con-
fine these limitations are important for further improving
the CRISPR/Cas9-based genome editing technology, via
either HDR- or NHEJ-mediated DNA repair.

Interestingly, although the C-NHEJ machinery often in-
troduces indels by repairing non-compatible or damaged

DNA ends (9), the alternative NHEJ (A-NHEJ) pathway
initiates a repair process by single-strand resection (9), and
the 3′-5′ exonuclease activity of Cas9 can also introduce
deletions by trimming the DNA ends (7), we observed
substantial precise ligations between cleaved plasmid and
genome DNAs during the NHEJ-mediated knock-in (Fig-
ure 2E and Supplementary Figure S4). This is consistent to
the analysis results on ZFN- or TALEN-induced DNA in-
tegration by Cristea et al. and Maresca et al. (42,43), as well
as on CRISPR/Cas9-induced chromosomal inversions by
Li et al. (53). These data, together with previous evidence
on the precise repair by C-NHEJ (54,55), support that the
C-NHEJ pathway can largely mediate precise ligation of
DNA ends generated by engineered nucleases, prompting
a greater potential of the NHEJ-mediated gene targeting in
a wider range of applications.
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