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ABSTRACT

In CRISPR/Cas9 genome editing, the tight and per-
sistent target binding of Cas9 provides an oppor-
tunity for efficient genetic and epigenetic modifica-
tion on genome. In particular, technologies based
on catalytically dead Cas9 (dCas9) have been devel-
oped to enable genomic regulation and live imaging
in a site-specific manner. While post-cleavage tar-
get residence of CRISPR/Cas9 could alter the path-
way choice in repair of Cas9-induced DNA double
strand breaks (DSBs), it is possible that dCas9 re-
siding adjacent to a break may also determine the
repair pathway for this DSB, providing an oppor-
tunity to control genome editing. Here, we found
that loading dCas9 onto a DSB-adjacent site stim-
ulated homology-directed repair (HDR) of this DSB
by locally blocking recruitment of classical non-
homologous end-joining (c-NHEJ) factors and sup-
pressing c-NHEJ in mammalian cells. We further re-
purposed dCas9 proximal binding to increase HDR-
mediated CRISPR genome editing by up to 4-fold
while avoiding exacerbation of off-target effects. This
dCas9-based local inhibitor provided a novel strat-
egy of c-NHEJ inhibition in CRISPR genome editing
in place of small molecule c-NHEJ inhibitors, which
are often used to increase HDR-mediated genome
editing but undesirably exacerbate off-target effects.

INTRODUCTION

Since its induction, the clustered regularly interspaced short
palindromic repeat (CRISPR) system has become a pow-

erful, revolutionary genome editing tool with broad ap-
plication in biology, agriculture and medicine (1,2). In
CRISPR genome editing, site-specific DNA double strand
breaks (DSBs) induced by CRISPR-associated (Cas) nu-
cleases in eukaryotic cells are repaired mainly by two evo-
lutionarily conserved DSB repair mechanisms, homology-
directed repair (HDR) and non-homologous end joining
(NHEJ), generating the desired DNA edits among vari-
eties of repair products (3). In mammalian cells, the HDR
pathway is restricted to the S/G2 phase of the cell cy-
cle where the primary homologous template for HDR is
provided by sister chromatids. The DNA ends of a DSB
are resected to form the Rad51 filament for homology
search and pairing in HDR of the DSB. In contrast, the
NHEJ pathway operates throughout the cell cycle and
is generally a faster process. NHEJ can be further di-
vided into at least two sub-pathways, the primary clas-
sical NHEJ (c-NHEJ) and alternative end joining (a-EJ)
(4,5). C-NHEJ requires the core NHEJ factors such as
DNA-PK catalytic subunit (DNA-PKcs), Ku70/Ku80 and
XRCC4/DNA ligase 4 to catalyze ligation of DNA ends.
Upon Cas nuclease-induced DSBs, the Ku70/Ku80 het-
erodimer, the most abundant end-binding proteins in mam-
malian cells, binds to the DSB ends along with DNA-PKcs
and recruits XRCC4/DNA ligase 4 for end ligation while
protecting the ends from an attack by end processing en-
zymes. Previous studies have demonstrated that c-NHEJ
is intrinsically accurate in repair of Cas nuclease-induced
DSBs, the ends of which are readily ligatable (6–8). A-EJ is
considered more error-prone and employed to re-ligate the
ends if either of the core NHEJ factors is deficient or not
engaged.

Given the slower process of HDR, the availability of ho-
mologous templates, the restriction of cell cycle stages and
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predominant c-NHEJ competition, HDR is generally much
less efficient than c-NHEJ in mammalian cells. The low level
of HDR often limits application of CRISPR genome edit-
ing. One major effort in CRISPR genome editing is to de-
velop approaches to increase the HDR efficiency (3,9). In-
creasing local concentration of homologous templates at
the DSB site has been attempted for enhancing HDR in
CRISPR genome editing (3,9–11). Fusion of HDR facili-
tators to the widely used Cas nuclease Streptococcus pyo-
genes Cas9 (SpCas9) and arresting the cell cycle at the
S/G2 phase by chemicals have improved HDR-mediated
CRISPR genome editing (3,9,12–18). Chemical inhibition
or genetic inactivation of c-NHEJ, the most dominant com-
peting pathway against HDR, could channel DSBs that are
supposedly repaired by c-NHEJ to HDR, thereby increas-
ing the efficiency of HDR in repair of Cas nuclease-induced
DSBs (3,8,9). Indeed, inhibition of c-NHEJ is often used to
promote HDR-mediated genome editing (3,9,19–22). How-
ever, due to global inhibition of c-NHEJ, our recent study
demonstrated that this approach unavoidably exacerbates
off-target effect (8). We reason this off-target problem could
be solved by local inhibition of c-NHEJ; but such a strategy
has yet to be developed.

Binding of SpCas9 as well as many other Cas nucleases
to its target is mediated by the base pairing between the
sgRNA spacer and DNA target strand and by the inter-
actions between the Cas protein and target DNA prior to
DSB induction (23,24). These interactions entail strong and
persistent binding of the Cas9–sgRNA complex to its tar-
get and help maintain its target residence for hours even
after Cas9-induced DNA cleavage at some sites (25,26).
Cas9-induced DSBs are exposed after target dissociation
of Cas9–sgRNA. As exposure of Cas9-induced DSBs is
prerequisite for engaging DSB repair, target residence of
Cas9–sgRNA adds a layer of control on pathway choices
in repair of Cas9-induced DSBs, contributing to the hetero-
geneity of CRISPR/Cas9 genome editing (8,24). The simi-
larly persistent binding of nuclease dead SpCas9 (dSpCas9)
to its target is capable to slow or block DNA replica-
tion and transcription in cells (27–29). It is also conceiv-
able that tight target binding and persistent target residence
of dCas9 enable efficient application of dCas9-based plat-
forms in transcription regulation, epigenetic modification,
genomic imaging, base editing and prime editing (30). Ad-
ditionally, dSpCas9 proximal binding increases DNA cleav-
age by other Cas nucleases, thus enhancing both NHEJ-
and HDR-mediated genome editing (31). In vitro assays in-
dicated that dSpCas9 proximal binding modulated neigh-
boring chromatin dynamics and increased the accessibil-
ity of Lachnospiraceae bacterium Cas12a (LbCas12a) tar-
get for DNA cleavage (32). Considering tight binding and
persistent residence of Cas9–sgRNA at many target sites,
dCas9–sgRNA targeting to a site adjacent to a DSB could
compete with Ku70/Ku80 for binding to DNA ends of the
DSB. Thus, dCas9 proximal binding might preclude the ac-
cess of DNA ends to Ku70/Ku80, the end binding of which
is necessary for efficient recruitment of DNA-PKcs and
XRCC4/DNA ligase 4 and for efficient c-NHEJ repair of
the DSB. This prompts us to hypothesize that dCas9 proxi-
mal binding may sufficiently and locally promotes HDR by
suppressing c-NHEJ.

Here, we tested the hypothesis above and found that
dSpCas9 loaded onto a site adjacent to a break stimu-
late HDR of this DSB. This HDR stimulation requires
the presence of c-NHEJ factors in the cells. Further inves-
tigation revealed that dSpCas9 proximal binding blocked
recruitment of the core NHEJ factors to the ends of the
neighboring DSBs, thus locally suppressing c-NHEJ. We
repurposed dSpCas9 proximal binding to increase HDR-
mediated CRISPR genome editing by up to 4-fold and ex-
tended this strategy to catalytically dead Staphylococcus au-
reus Cas9 (dSaCas9). Unlike NHEJ inhibition by chem-
ical or genetic approaches that exacerbate off-target ef-
fect in CRISPR genome editing (8), dCas9 proximal bind-
ing promotes HDR locally while avoiding exacerbation
of off-target effect, thus providing an improved strategy
of c-NHEJ inhibition in HDR-mediated CRISPR genome
editing.

MATERIALS AND METHODS

Plasmids and single-stranded oligodeoxynucleotides
(ssODN)

The U6-sgRNA plasmid for LbCas12a was generated by
cloning CACCGAATTTCTACTAAGTGTAGAT(BbsI)
aagtcttcgaattcgaagacgg (BbsI) TTTTTT into the BbsI sites
of the U6-sgRNA vector for SpCas9 and the 22-nt spacer
between the two newly inserted BbsI sites can be replaced.
The sgRNA target sequences and respective mismatch
mutations for SpCas9, SaCas9 and LbCas12a are listed
in Supplementary Table S1. The expression plasmids for
truncated and mismatched sgRNAs were constructed as
described previously (33), and the expression plasmids for
SpCas9 variants eSpCas9 or SpCas9-HF1 were described
before (34,35). dSaCas9 was generated by site-directed
mutation using KOD Plus-Neo Kit (TOYOBO) (36).

The donor plasmid containing truncated green fluores-
cent protein (GFP) for GFP correction experiments was de-
rived from the HDR reporter plasmid by deleting the I-
SceI-GFP cassette. The HDR reporter plasmid was previ-
ously constructed (37). The ssODN donor contained about
150-nt GFP homology flanking the I-SceI site on the HDR
reporter and was synthesized by TsingKe Biological Tech-
nology (Supplementary Table S2). The donor plasmid for
targeted GFP knock-in at the Rosa26 locus of mouse em-
bryonic stem cells (mESCs) was generated by placing a ho-
mology arm to both sides of a PGK-GFP expression cas-
sette. The donor sequences including homology arms are
listed in Supplementary Table S2.

Cell lines

mESCs containing a single copy of the NHEJ reporter
or the HDR reporter and U2OS cells containing a sin-
gle copy of the HDR reporter were previously estab-
lished as described before (8,37–40). mESCs were grown
in medium supplied with 20% fetal bovine serum (Gibco),
1% penicillin-streptomycin (Gibco), 2 mM L-glutamine
(Gibco), 0.1 mM �-mercaptoethanol (Sigma), 0.1 mM
non-essential amino acid (Gibco), 1 mM sodium pyru-
vate (Gibco) and 1000 U/ml leukemia inhibitory factor
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(Millipore) on either MEF feeders or gelatinized plates. Hu-
man U2OS cells were cultured in high glucose DMEM con-
taining 10% fetal bovine serum, 1% penicillin-streptomycin
and 2 mM L-glutamine. Isogenic XRCC4+/+ and XRCC4–/–

mESCs containing the HDR reporter and DNA-PKcs–/–

and Ku80–/– HDR reporter mESCs along with isogenic
wild-type clones were generated previously (8,41).

Generation of the I-SceI-GFP correction reporter

To generate I-SceI-GFP correction reporter mESC clones
by the paired Cas9–sgRNA approach previously estab-
lished (6), 2 × 105 mESCs harboring HDR reporter were
transfected with the expression plasmids for Cas9 and
paired sgRNAs targeting TrGFP cassette in a 24-well plate,
and were seeded on mouse embryonic fibroblast (MEF)
feeder cells at 10-cm plate at 2 days (d) post transfection for
single clones without any antibiotic selection. Single clones
were picked at 7–14 d post-transfection, expanded and
verified by PCR along with Sanger sequencing. Similarly,
to generate I-SceI-GFP correction reporter U2OS clones,
1.0 × 105 U2OS cells harboring HDR reporter were trans-
fected with the expression plasmids for Cas9 and paired
sgRNAs targeting TrGFP cassette in a 24-well plate. After
3 days, 200–400 cells were seeded onto a 100-mm plate. Sin-
gle clones were picked after 14 d, expanded and verified by
PCR along with Sanger sequencing. Primers for PCR were
listed on (Supplementary Table S2).

Transfection and DSB repair reporter assays

Transfection of mESCs was done with Lipofectamine 2000
(Invitrogen) in 24-well plates as previously described (42).
Total 2 × 105 mESCs harboring the HDR/NHEJ re-
porter were transfected with 0.5�g total DNA. For U2OS
cells transfection, 1.0 × 105 cells were seeded on a 24-
well plate and grown to 80–95% confluence. 0.8 �g total
DNA were transfected by Lipofectamine 2000. Cells har-
boring the NHEJ or HDR reporter were transfected with
pcDNA3�-I-SceI or the expression plasmids for SpCas9–
sgRNA, LbCas12a-sgRNA or SaCas9–sgRNA as previ-
ously described (8).

In dSpCas9–sgRNA blockage experiments, cells were co-
transfected with the expression plasmids for I-SceI, the
LbCas12a-sgRNA complex or the SaCas9–sgRNA com-
plex, together with the expression plasmids for dSpCas9–
sgRNA. The ratio of I-SceI, LbCas12a-sgRNA or SaCas9–
sgRNA to dSpCas9–sgRNA in transfection amount is 1:1.
If necessary, cells were treated with the DNA-PKcs in-
hibitor NU7441 (TopScience Cat# T6276) or Nocoda-
zole (Sigma-Aldrich Cat# M1404) at 6 h post-transfection.
NU7441 was replaced with a fresh addition of the drug
the next day. Nocodazole was withdrawn after 12 h and
replaced by fresh medium for the rest of the experiment.
GFP+ cells were determined by fluorescence-activated cell
sorting (FACS) using Beckmann Coulter CytoFLEX at
72 h post-transfection. The frequencies of NHEJ, HDR and
genome editing were calculated after being corrected with
background readings and normalized with transfection ef-
ficiencies as described before (8).

In dSaCas9–sgRNA blockage experiments, cells were
co-transfected with the expression plasmids for I-SceI or

the SpCas9–sgRNA complex, together with the expres-
sion plasmids for dSaCas9–sgRNA. The ratio of I-SceI
or SpCas9–sgRNA to dSaCas9–sgRNA in transfection
amount is 1:1. GFP+ cells were determined by FACS at 72 h
post-transfection.

HDR-based GFP correction and knock-in editing experi-
ments

For HDR-based GFP correction, cells containing the single
copy of inactive I-SceI-GFP were co-transfected with 0.25
�g plasmid DNA or 0.125 �g ssODN as HDR donor tem-
plates, the expression plasmids for I-SceI, SaCas9–sgRNA
or LbCas12a-sgRNA, and/or the expression plasmids for
dSpCas9–sgRNA, and treated with NU7441 and Nocoda-
zole as needed. At 3 d post-transfection, GFP+ events were
measured by FACS to determine the percentage of HDR-
based gene correction events. To detect the GFP– cells, cells
were determined by FACS at 4 days post-transfection. For
HDR-based GFP knock-in at the mRosa26 locus, mESCs
were transfected with a pCMV-β-globin intron-GFP plas-
mid donor and the expression plasmids for LbCas12a-
sgRNA or SaCas9–sgRNA, together with the expression
plasmids for dSpCas9–sgRNA. The percentages of HDR
events were determined 10 d post-transfection.

In dSaCas9-mediated HDR stimulation experiments,
donor templates including 0.25�g plasmid DNA or
0.125�g ssODN were transfected with the expression plas-
mids for I-SceI or SpCas9–sgRNA variants (i.e. eSpCas9–
sgRNA, SpCas9-HF1-sgRNA and SpCas9-T17) and the
expression plasmids for dSaCas9–sgRNA. GFP+ cells were
determined by FACS at 72 h post-transfection.

Electrophoretic mobility shift assay

The in vitro DNA binding and electrophoretic mobility
shift assay (EMSA) were performed as described previ-
ously (8). The dSpCas9 nuclease (PC1351, 0.5 �g/�l)
was purchased from Inovogen Biotech. All sgRNAs used
for dSpCas9 were synthesized by GenScript Biotech and
were dissolved in RNA-free water to 1 �M before use.
The primers labeled with either 5′-DyLight-680 were pur-
chased from Takara BioMed (Supplementary Table S2).
PCR was performed to generate 600–700 bp fluorescence-
labeled DNA fragments. For the dSpCas9–sgRNA binding
reaction, dSpCas9–sgRNA complex was pre-assembled by
mixture of 0.5 pmol dSpCas9 with sgRNA and its variants
for 1 h, then add 0.1 pmol target DNA to incubate for 1 h
or 24 h. The samples were resolved on 4–20% SurePAGE
non-denatured gel (GenScript) in 0.5× TBE buffer at 200 V
for 150 min in 4◦C cooling water for fluorescence-imaging
analysis. The fluorescence imaging of gel electrophoresis
was captured by Licor Odyssey infrared scanner and quan-
tified by ImageJ. The percentages of unbound DNA were
calculated as the ratios of the intensity of unbound DNA
bands to the combined intensity of total bound and un-
bound DNA.

For the competition assay, 1 pmol dSpCas9 and 1 pmol
sgRNA or sgRNA variants were incubated with 0.1 pmol
target dsDNA for 2 h. We then added 1 pmol indicated
SpCas9-20-nt sgRNA into the reaction solution to cleave
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dissociated DNA from preassembled dSpCas9–sgRNA–
DNA for 6–24 h at 37◦C. The reaction was quenched by the
addition of 2 �l of denatured loading dye and the cleaved
DNA was resolved by 2% agarose gel electrophoresis.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using SimpleChIP® Plus Enzy-
matic Chromatin IP Kit (#9003, CST) following the man-
ufacturer’s instructions. Briefly, 2 × 105 HDR reporter or
NHEJ reporter mESCs were transfected with expression
plasmids for LbCas12a-sgRNAs, together with the expres-
sion plasmids for dSpCas9–sgRNAs. Total 107 cells were
collected from at least three 24-well plates at 24 h after trans-
fection, fixed with 1% formaldehyde at 37◦C for 10 min and
quenched with 0.125 M glycine for 5 min at room tempera-
ture. Cell pellets were washed and suspended in 1 ml Buffer
A to separate the nuclei. The nuclei were then resuspended
in 100 �l Buffer B and treated with 0.5 �l Micrococcal nu-
clease for 15 min to digest the DNA to length of 150–600 bp.
The digest reaction was stopped with 10 �l 0.5M EDTA, the
digested nuclei was pelleted by centrifugation at 12 000 × g
at 4◦C for 1 min, and the supernatant was removed. The nu-
clei pellets were suspended in 100 �l ChIP buffer and son-
icated with several pulses to break the nuclear membrane.
The membrane pellets were removed by centrifugation and
100 �l supernatant was diluted into 400 �l ChIP buffer.
The chromatin supernatant was incubated with antibod-
ies against Ku80 (#2753, CST), Mre11 (ab109623, Abcam)
and Flag (#14793, CST), as well as nonspecific IgG anti-
body for 12 h. 20 �l Protein G magnetic beads was added
to pull down chromatin fragments. After the crosslinked
DNA-protein complex in the chromatin fragments was de-
crosslinked, DNA were purified with spin columns from the
ChIP Kit (#9003, CST). Specifically, 750 �l DNA Binding
Buffer was added to 150 �l de-crosslinked DNA–protein so-
lution. The mixture was transferred to the spin columns for
centrifugation at 12 000 rpm for 1 min. The spin columns
were washed twice with 750 �l DNA Wash Buffer. 50 �l
DNA Elution Buffer was added to each spin column and
the purified DNA were collected into a new tube by cen-
trifugation at 12000 rpm for 1 min.

The primer pairs in Supplementary Table S2 were used to
detect the enrichment of DNA fragments by qRT-PCR on
CFX 96 Thermocycler (Bio-Rad). To perform qRT-PCR, 2
�l purified DNA were added to 18 �l reaction solution in-
cluding 10 �l SYBR Green mix (Vazyme) and 1 �l primer
pairs (10 �M) as indicated. The target DNA was amplified
as follows: denaturation first at 95◦C for 10 min and 40 cy-
cles then at 95◦C for 15 s, 55◦C for 15 s and 72◦C for 15
s. The fold enrichment of Ku80 and Flag-dSpCas9 at each
genomic position relative to the negative IgG background
was determined using the following equation: Fold enrich-
ment = 2−(Ct genomic fragment with antibody of interest–
Ct genomic fragment with IgG).

Genomic DNA extraction, PCR amplification and illumina
deep sequencing

For analysis of targeted genome editing at endoge-
nous genome loci, cells were collected after NHEJ in-
duced by Cas9–sgRNAs. These cells were also transfected

with pcDNA3�-GFP for transfection efficiencies. Genomic
DNA (gDNA) was isolated from these cells using a gDNA
purification kit (Axygen). The targeted regions were PCR-
amplified with respective primers listed in Supplementary
Table S2. PCR products purified with PCR Clean-up kit
(Axygen) were end-repaired, adenylated at 3′ ends, ligated
with adapters, purified, and amplified by the second round
of PCR to incorporate the P7 and P5 Illumina adapters ac-
cording to the manufacturer’s protocols with Hieff NGS Ul-
tima DNA Library Prep Kit for Illumina (Yeasen). The Il-
lumina deep sequencing was performed at Novogene Co.
Ltd and sequences were analyzed to identify edited events
with different indels at repair junctions using DBS-Aligner
as described previously (43).

Off-target analysis

Potential off-target sites were identified using the latest ver-
sion of the CRISPR Off-Target prediction website (http:
//crispor.tefor.net/). All potential sites were ranked by an
off-target hit score, and high-ranked potential sites were se-
lected. Off-target sites were amplified by PCR with primers
listed in Supplementary Table S2 after gDNA extraction
from cells transfected with Cas9–sgRNA at 3 days post-
transfection. Off-target editing efficiency was determined
by Illumina deep sequencing. The off-target rate was de-
termined as the ratio of off-target to on-target mutagenesis
levels.

RESULTS

Target binding of dSpCas9 adjacent to a DSB promotes
HDR of the DSB

Previously, we found that SpCas9 with strong target bind-
ing and long residence at cleaved target affected DSB repair
pathway choice (8). We speculated that the repair pathway
choice for a given DSB could also be affected by dSpCas9
with such strong target binding and long target residence
tethered to the DSB. Because dSpCas9 does not share its
sgRNAs with LbCas12a or SaCas9, dSpCas9 can be used
simultaneously with LbCas12a or SaCas9 to test the ef-
fect of dSpCas9 tethered to the DSB ends on HDR of the
DSBs induced by LbCas12a or SaCas9. In contrast, both
dSpCas9 and SpCas9 can use the same sgRNAs if both
are present at the same time, interfering the activity of each
other. As a result, dSpCas9 should not be used for SpCas9-
induced DSBs. Thus, using mESCs harboring a single-copy
HDR reporter (37,40), we tethered dSpCas9–sgRNA to the
sites near a DSB induced by I-SceI, LbCas12a or SaCas9
in the HDR reporter and analyzed the effect on HDR of
the DSB. The HDR reporter contains two copies of inac-
tive GFP, the first truncated at 5’-end (i.e. TrGFP) and the
second with the insertion of the 18-bp I-SceI site (i.e. I-
SceI-GFP). Upon site-specific DNA breakage induced by
I-SceI, LbCas12a-gCas12aHR or SaCas9-gSaHR around
the I-SceI site, HDR of this DSB could use TrGFP of the
sister chromatid as a homologous template to generate wild-
type GFP (wtGFP), making cells GFP+ (Figure 1A). While
I-SceI, LbCas12a-gCas12aHR or SaCas9-gSaHR induced
GFP+ cells with the frequency at ∼1.8%, 12% and 10% in

http://crispor.tefor.net/
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Figure 1. dSpCas9–sgRNA proximal binding promotes HDR. (A) Schematic of the HDR reporter. Repair of I-SceI-, LbCas12a- and SaCas9-induced
DSBs by HDR between sister chromatids can generate GFP+ cells. (B) The HDR efficiency induced by I-SceI, LbCas12a-gCas12aHR and SaCas9-gSaHR
in HDR reporter mESCs. (C–E) Effect of dSpCas9–sgRNAs tethered adjacent to a DSB on HDR in HDR reporter mESCs. As indicated on the schematic
of the reporter, the DSB was induced by I-SceI (C), LbCas12a-gCas12aHR (D) or SaCas9-gSaHR (E), and dSpCas9–sgRNAs were tethered to DNA
sequences flanking the DSB. The distance of individual dSpCas9–sgRNA from the DSB was defined between the third PAM-proximal nucleotide of each
dSpCas9–sgRNA binding site and the break point by I-SceI, LbCas12a or SaCas9 and indicated in parenthesis. After FACS measurement of nuclease-
induced GFP+ cells, relative nuclease-induced HDR was calculated by normalizing ‘dSpCas9 + gCtrl’ control to 1.0. Columns indicate the mean ± standard
error of the mean (S.E.M.) of at least three independent experiments, each in triplicates. Error bars indicate S.E.M. Significance was determined by Student’s
t-test between ‘gCtrl’ and each ‘dSpCas9–sgRNA’ and indicated by *P < 0.05 and **P < 0.01. (F) Target residence of dSpCas9-gGC13 and its sgRNA
mismatch variants. dSpCas9–sgRNAs were incubated with fluorescence-labeled target DNAs for 1 and 24 h. DNAs bound with dSpCas9–sgRNAs or not
were resolved by 4–20% native PAGE gel. The intensity ratio of bound DNA to total DNA were shown in percentages under each DNA gel. (G–I) Effect
of dSpCas9–sgRNA target-binding affinity on HDR induced by I-SceI (G), LbCas12a-gCas12aHR (H) or SaCas9-gSaHR (I). Frequencies of GFP+ cells
induced by I-SceI, LbCas12a and SaCas9 (top) were determined by FACS, and relative HDR (bottom) was calculated by normalizing ‘dSpCas9 + gCtrl’
treatment to 1.0. Each circle indicates one independent experiment, each in triplicates, and the mean of these independent experiments is also shown.
Error bars indicate S.E.M. Columns indicate the mean of relative HDR. Significance was detected by Student’s t-test between ‘dSpCas9 + gCtrl’ and
‘dSpCas9 + gGC13’ (*P < 0.05).
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the reporter, respectively (Figure 1B), the level of HDR in-
duced by I-SceI, LbCas12a-gCas12aHR or SaCas9-gSaHR
was quantified as the frequency of induced GFP+ cells. The
difference in these frequencies induced by I-SceI, LbCas12a
and SaCas9 is likely due to different cutting efficiency
of these nucleases. Among 25 sgRNAs tested for tether-
ing dSpCas9 to the DSB induced by I-SceI, LbCas12a-
gCas12aHR or SaCas9-gSaHR, some stimulated I-SceI-
induced HDR by up to 5.5-fold, LbCas12a-induced HDR
by about 2.5-fold and SaCas9-induced HDR by up to 3-
fold whereas some others had little effect (Figure 1C–E,
Supplementary Figure S1A–C and Supplementary Figure
S2A–C). In the tested ranges, although SpCas9–sgRNAs at
these tested sites efficiently mediated knock-out of the GFP
gene, the HDR stimulation by dSpCas9 tethered to the DSB
ends was negatively correlated with the distance of dSpCas9
from the DSBs induced by I-SceI and LbCas12a, but not by
SaCas9 (Supplementary Figure S3A–D). This suggests that
dSpCas9–sgRNAs loaded farther away from the breaks in-
duced by I-SceI and LbCas12a tend to be less effective in
stimulating HDR.

Among the four sgRNAs (i.e. gGC11, gGC12, gGW7
and gGC13) located adjacent to the break site, dSpCas9-
gGW7 did not stimulate HDR induced by I-SceI, LbCas12a-
gCas12aHR or SaCas9-gSaHR (Figure 1C–E). As SpCas9-
gGW7 appeared to mediate target cleavage as efficient as the
other three (Supplementary Figure S3A), it is possible that
the target residence of dSpCas9-gGW7 would be shorter
than other dSpCas9–sgRNA complex, thus failing to stim-
ulate HDR. We thus performed the in vitro competition as-
says to compare the target residence of dSpCas9 complexed
with gGC11, gGC12, gGW7 and gGC13 (Supplementary
Figure S4A). After 2-h incubation of the dSpCas9–sgRNA
complexes with their 620-bp target DNA, their respective
SpCas9–sgRNAs were added into the reaction to cleave tar-
get DNA newly released from the dSpCas9–sgRNA–DNA
ternary complexes. While SpCas9 complexed with the four
sgRNAs cleaved their target DNA with similar efficiency
in 6-h reaction, cleaved DNA detected the most at 12 h and
24 h were from the dSpCas9-gGW7-DNA complex (Supple-
mentary Figure S4B). In other words, target DNA is more
quickly dissociated from the dSpCas9–gGW7–DNA com-
plex as compared to the other three dSpCas9–gRNA–DNA
ternary complexes, indicating the shorter target residence
for dSpCas9-gGW7.

To further determine whether target binding and res-
idence were important for dSpCas9–sgRNA at the sites
proximal to the DSB to stimulate HDR, we tested dSpCas9-
gGC13, among the best that stimulated HDR, and its
sgRNA variants C1A and G2A for their effects on HDR
induced by I-SceI, LbCas12a-gCas12aHR and SaCas9-
gSaHR. As expected, the mismatches reduced the tar-
get binding affinity of dSpCas9-gGC13 upon 1-h or 24-
h incubation in vitro (Figure 1F). While dSpCas9-gGC13
strongly enhanced HDR induced by I-SceI, LbCas12a-
gCas12aHR and SaCas9-gSaHR, both dSpCas9-gGC13
C1A and G2A lost most of this HDR stimulation (Fig-
ure 1G-I). Taken together, these results suggest that HDR
stimulation by dSpCas9–sgRNAs is determined by their
target binding ability and target residence adjacent to the
break.

Local stimulation of HDR by dSpCas9 proximal binding is
impaired in cells deficient for c-NHEJ

Previous studies have shown that inactivation of c-NHEJ
would stimulate HDR (44–46). We wondered whether HDR
stimulation by dSpCas9–sgRNAs was mediated by inacti-
vation of c-NHEJ. We thus analyzed the effect of dSpCas9–
sgRNAs on HDR in HDR reporter mESC where c-NHEJ
was inactivated. Consistently, the DNA-PKcs inhibitor
NU7441 increased HDR induced by I-SceI, LbCas12a-
gCas12aHR and SaCas9-gSaHR by up to 100% (Figure
2A–C). Deletion of Ku80, DNA-PKcs or XRCC4 in HDR
reporter mESC even more significantly stimulated HDR
induced by I-SceI, LbCas12a-gCas12aHR and SaCas9-
gSaHR (Figure 2A–C). However, while dSpCas9 in com-
plex with gGW4, gGW5, gGC12 and gGC13 strongly stim-
ulated I-SceI-induced HDR in wild-type mESC (WT and
XRCC4+/+ mESC), no local stimulation was observed in
isogenic DNA-PKcs–/–, Ku80–/– and XRCC4–/– mESC (Fig-
ure 2D and Supplementary Figure S5A). Similarly, as op-
posed to significant HDR stimulation in wild-type cells,
LbCas12a- and SaCas9-induced HDR was not stimulated
by dSpCas9 respectively loaded at the gGW4, gGC7 or
gGC13 sites and at the gGC7, gGW5 or gGC13 sites adja-
cent to the break in isogenic DNA-PKcs–/–, Ku80–/– and
XRCC4–/– mESC (Figure 2E, F and Supplementary Figure
S5B, C). This indicates that the presence of c-NHEJ factors
is required for local HDR stimulation by dSpCas9–sgRNA
in cells.

dSpCas9 tethered adjacent to a DSB inhibits c-NHEJ of the
DSB

Proximal target binding of dSpCas9 may block binding of
c-NHEJ factors to the ends of a DSB induced by I-SceI,
LbCas12a or SaCas9, thereby suppressing c-NHEJ and
stimulating HDR. To directly evaluate the effect of proximal
dSpCas9–sgRNA target binding on c-NHEJ, we thus used
an NHEJ reporter to quantitatively measure NHEJ and to
compare the effect of DNA-PKcs inhibition and dSpCas9–
sgRNA on NHEJ induced by LbCas12a and SaCas9 (Fig-
ure 3A and Supplementary Figure S6A). In this NHEJ
reporter previously developed (38), an upstream, out-of-
frame translation start site (‘Koz-ATG’) inactivates GFP
(Supplementary Figure S6A). Upon DSBs induced by Cas
nucleases at a 34-bp intervening sequence between ‘Koz-
ATG’ and ‘ATG-GFP’ cassette, repair by mutagenic NHEJ
(mNHEJ) with net loss of ‘3n + 1’ bp or net addition of
‘3n + 2’ bp at the repair junction could correct the reading
frame of GFP, making cells GFP+. Thus, the frequency of
GFP+ cells would represent the level of NHEJ in cells.

NU7441 reduced mNHEJ induced by LbCas12a-
gCas12aEJ and SaCas9-gSaEJ in wild-type mESC by 40%
and 25%, respectively (Figure 3A). As shown previously
(8,47), c-NHEJ induced by LbCas12a and SaCas9 is mostly
mutagenic due to enrichment of mNHEJ events after re-
peated cleavage of accurate NHEJ products by LbCas12a
and SaCas9 at their target sites. Inactivation of c-NHEJ
by NU7441 thus reduced LbCas12a- and SaCas9-induced
NHEJ represented by the level of mNHEJ. We targeted
dSpCas9 in complexed with gEJC6, gEJC7, gEJC8 or gEJC9
to the sites adjacent to LbCas12a- or SaCas9-induced
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Figure 2. HDR stimulation by dSpCas9 proximal binding requires core NHEJ factors. (A–C) Effect on HDR of DNA-PKcs inhibition and DNA-PKcs,
Ku80 or XRCC4 deficiency in mESCs transfected with expression plasmids for I-SceI (A), LbCas12a-gCas12aHR (B) or SaCas9-gSaHR (C). Frequencies
of GFP+ cells induced by I-SceI, LbCas12a and SaCas9 (top) were determined by FACS at 3 days post-transfection and relative HDR (bottom) calculated
by normalizing DMSO control, isogenic WT cells and isogenic XRCC4+/+ cells to 1.0. Each circle indicates one independent experiment, each in triplicates,
and the mean of these independent experiments is also shown. Columns indicate the mean of relative HDR. Error bars indicate S.E.M. Significance was
detected by Student’s t-test and indicated by *P < 0.05, **P < 0.01 and ***P < 0.001. (D, E) Effect of dSpCas9 proximal binding on HDR induced
by I-SceI (D), LbCas12a-gCas12aHR (E) or SaCas9-gSaHR (F) in mESCs deficient for DNA-PKcs, Ku80 or XRCC4 as compared to isogenic WT or
XRCC4+/+ mESCs. HDR reporter mESCs were transfected with expression plasmids for I-SceI, LbCas12a-gCas12aHR or SaCas9-gSaHR, along with
expression plasmids for dSpCas9–sgRNAs. Left: The HDR reporter was indicated with the cleavage site for I-SceI, LbCas12a-gCas12aHR or SaCas9-
gSaHR and the target sites for dSpCas9–sgRNA target tethering. The distance between the third PAM-proximal nucleotide of each dSpCas9–sgRNA
binding site and the DSB was shown in parenthesis. Right: Frequencies of GFP+ cells were measured by FACS at 3 days post-transfection and relative
HDR was determined by normalizing control treatment (i.e. ‘gCtrl’) to 1.0. Columns indicate the mean ± S.E.M. of at least three independent experiments,
each in triplicates. Error bars indicate S.E.M. Significance was detected by Student’s t-test between ‘gCtrl’ and each ‘dSpCas9–sgRNA’ and indicated by
*P < 0.05, **P < 0.01 and ***P < 0.001.
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Figure 3. Strong proximal binding of dSpCas9–sgRNA inhibits c-NHEJ. (A) Effect of DNA-PKcs inhibition by NU7441 on NHEJ induced by LbCas12a-
gCas12aEJ and SaCas9-gSaEJ in NHEJ reporter mESCs. Cells were transfected with expression plasmids for LbCas12a-gCas12aEJ and SaCas9-gSaEJ,
and site-specific DSBs were induced at the sites indicated in the NHEJ reporter. Frequencies of nuclease-induced GFP+ cells (left) were measured by FACS
and relative NHEJ (right) was calculated by normalizing DMSO treatment to 1.0. Each circle indicates one independent experiment, each in triplicates,
and the means of these independent experiments are also indicated. Error bar denotes S.E.M. Columns indicate the mean ± S.E.M. of relative NHEJ.
Significance was analyzed by Student’s t-test between ‘DMSO’ and ‘NU7441’ and indicated by *P < 0.05. (B, C) Effect of dSpCas9–sgRNA tethered
adjacent to a DSB on NHEJ in NHEJ reporter mESCs. As indicated on the schematic of the reporter, the DSB was induced by LbCas12a-gCas12aEJ (B)
or SaCas9-gSaEJ (C) at or around the I-SceI site, and dSpCas9–sgRNA was tethered to DNA sequences flanking the DSB. Frequencies of GFP+ cells were
measured by FACS and relative NHEJ was calculated by normalizing ‘dSpCas9-gCtrl’ control (i.e. ‘gCtrl’) to 1.0. Columns indicate the mean ± S.E.M.
of at least three independent experiments, each in triplicates. Error bars indicate S.E.M. The number in parenthesis indicated the distance between the
third PAM-proximal nucleotide of each dSpCas9–sgRNA and the break point by LbCas12a or SaCas9. Significance was determined by Student’s t-test
between ‘gCtrl’ and each ‘dSpCas9–sgRNA’ and indicated by *P < 0.05, **P < 0.01 and ***P < 0.001. (D, E) Effect of dSpCas9 proximal binding on
NHEJ induced by LbCas12a-gCas12aEJ (D) or SaCas9-gSaEJ (E) in XRCC4+/+ and XRCC4–/– mESCs. NHEJ reporter mESCs were transfected with
expression plasmids for LbCas12a-gCas12aEJ or SaCas9-gSaEJ, along with expression plasmids for dSpCas9–sgRNAs. Frequencies of GFP+ cells were
measured by FACS at 3 d post-transfection and relative NHEJ was determined by normalizing control treatment (i.e. ‘gCtrl’) to 1.0. Columns indicate
the mean ± S.E.M. of at least three independent experiments, each in triplicates. Error bars indicate S.E.M. Significance was detected by Student’s t-test
between ‘gCtrl’ and each ‘dSpCas9–sgRNA’ and indicated by *P < 0.05, **P < 0.01 and ***P < 0.001. (F) Target residence of dSpCas9-gEJC6 and
its sgRNA mismatch variants. dSpCas9–sgRNAs were incubated with fluorescence-labeled target DNAs for 1 and 24 h. DNAs bound with dSpCas9–
sgRNAs or not were resolved by 4–20% native PAGE gel. The intensity ratio of bound DNA to total DNA were shown in percentages under each DNA
gel. (G, H) Effect of dSpCas9–sgRNA target-binding affinity on NHEJ induced by LbCas12a (G) or SaCas9 (H). Frequencies of GFP+ cells induced by
LbCas12a and SaCas9 (top) were determined by FACS, and relative NHEJ (bottom) was calculated by normalizing ‘dSpCas9 + gCtrl’ treatment to 1.0.
Each circle indicates one independent experiment, each in triplicates, and the mean of these independent experiments is also shown. Error bars indicate
S.E.M. Columns indicate the mean of relative NHEJ. Significance was detected by Student’s t-test between ‘dSpCas9 + gCtrl’ and ‘dSpCas9 + gEJC6’
(*P < 0.05 and ***P < 0.001).



2748 Nucleic Acids Research, 2023, Vol. 51, No. 6

DSBs and found that similar to NU7441, dSpCas9–
sgRNAs bound to their targets upstream or downstream of
the LbCas12a-gCas12aEJ and SaCas9-gSaEJ target sites
suppressed LbCas12a- and SaCas9-induced mNHEJ by
40–80% (Figure 3B, C and Supplementary Figure S6B, C).
These data suggest that target binding of dCas9–sgRNA
adjacent to a DSB inhibits c-NHEJ of the DSB as does
chemical inhibition of DNA-PKcs by NU7441.

Similar to the effect of DNA-PKcs inhibition by NU7441
on LbCas12a- and SaCas9-induced NHEJ, deletion of
XRCC4 also reduced mNHEJ induced by LbCas12a-
gCas12aEJ and SaCas9-gSaEJ (Figure 3D, E and Sup-
plementary Figure S6D, E). However, while dSpCas9-
gEJW2, dSpCas9-gEJC4, dSpCas9-gEJC6 and dSpCas9-
gEJC7 inhibited LbCas12a- or SaCas9-induced mNHEJ in
XRCC4+/+ mESC, this local inhibition of LbCas12a- and
SaCas9-induced mNHEJ was reduced or even abolished in
XRCC4–/– mESC (Figure 3D, E and Supplementary Fig-
ure S6D, E). This demonstrated that presence of c-NHEJ
factors is required for local NHEJ inhibition by dSpCas9
proximal binding.

To determine whether target binding or residence was
important for dSpCas9–sgRNA to suppress c-NHEJ, we
tested dSpCas9-gEJC6, among the best that locally sup-
presses c-NHEJ, and its mismatch sgRNA mutants A1C,
A2T, C3A and G4T for their effects on c-NHEJ induced
by LbCas12a and SaCas9. As dSpCas9 complexed with
either of these gEJC6 mismatch mutants was less able to
bind their DNA substrate as opposed to dSpCas9-gEJC6
(Figure 3F), it was not surprised that dSpCas9 complexed
with these mismatch sgRNA mutants lost the ability to
suppress c-NHEJ induced by LbCas12a-gCas12aEJ and
SaCas9-gSaEJ (Figure 3G, H). Taken together, these results
supported that local inhibition of c-NHEJ by dSpCas9–
sgRNAs is reliant upon the target binding ability and target
residence of dSpCas9–sgRNAs adjacent to the break.

Target binding of dSpCas9 adjacent to a DSB blocks local
recruitment of c-NHEJ factors

It is possible that proximal target binding of dSpCas9 may
block binding of c-NHEJ factors to the ends of a DSB,
thereby suppressing c-NHEJ and stimulating HDR in re-
pair of this DSB. To examine this possibility, we performed
the ChIP assays using HDR reporter and NHEJ reporter
mESCs to directly determine whether dSpCas9 loaded onto
its target sites near a DSB induced by LbCas12a could block
recruitment of the core NHEJ factor Ku80 to the ends of
the DSB (Figure 4A). Upon LbCas12a-induced DNA cleav-
age, the PAM-distal end is free and the PAM-proximal end
remained bound with LbCas12a-sgRNA (Figure 4A) (48–
51). We thus selected a target site within the free end for
dSpCas9-gGW4 loading at -54bp ∼ -31bp in the HDR re-
porter and for dSpCas9-gEJC6 loading at +2 ∼ +25 in the
NHEJ reporter (Figure 4B, C). DNA fragments were indeed
enriched by Flag-tagged dSpCas9 at –253 ∼ –148 and –102
∼ –33 in the HDR reporter and at –168 ∼ –38, +60 ∼ +161,
+291 ∼ +402, +443 ∼ +521 and + 538 ∼ +674 in the NHEJ
reporter near the free end of LbCas12a-induced DSB in cells
transfected with dSpCas9-gGW4 (Figure 4B, C). In the ab-
sence of dSpCas9-gGW4 expression, DNA fragments were

highly enriched by Ku80 at the free end much more than at
the end bound with LbCas12a (i.e. –253 ∼ –148 and –102
∼ –33 versus +12 ∼ +141 and +158 ∼ +294 in the HDR
reporter, and +60 ∼ +161 and +291 ∼ +402 versus –168 ∼
–38 and –568 to –372 in the NHEJ reporter) (Figure 4B, C).
However, this Ku80 recruitment was abolished by dSpCas9-
gGW4 expression and subsequent enrichment of dSpCas9-
gGW4 at its target site within the free end (Figure 4B, C).
This suggested that tethering dSpCas9 to a target near a
DSB blocks recruitment of c-NHEJ factors to the DSB and
helped explain how proximal target binding of dSpCas9
locally suppresses c-NHEJ and stimulates HDR in DSB
repair.

Proximal binding of dSpCas9 enhances HDR-mediated
LbCas12a/SaCas9 genome editing

Given that dSpCas9–sgRNA loaded onto locations adja-
cent to the break facilitates HDR by suppressing c-NHEJ,
we wondered whether this proximal binding of dSpCas9–
sgRNA could improve the HDR-based knock-in or gene
correction in CRISPR genome editing. To address this
question, we first used SpCas9–sgRNA to precisely delete
the TrGFP cassette from the single-copy chromosomal
HDR reporter in our HDR reporter mESCs and U2OS
cells and generated an I-SceI-GFP gene correction reporter
(Figure 5A). After induction of a site-specific DSB in the
reporter by LbCas12a-gCas12aHR or SaCas9-gSaHR, the
inactive I-SceI-GFP gene could be corrected to WT GFP
with either ssODN containing the correct GFP sequences
overlapping the I-SceI site or a double-stranded DNA (ds-
DNA) plasmid harboring the TrGFP copy as the homolo-
gous template (Figure 5A). In fact, with either of homolo-
gous donors, LbCas12a- and SaCas9-induced HDR respec-
tively converted ∼1–2% and 0.5–1% GFP– cells into GFP+

cells (Figure 5B, C). Treatment with NU7441 showed a
modest enhancing effect on LbCas12a- or SaCas9-induced
gene correction while Nocodazole at 0.25 �M increased
the LbCas12a-induced gene correction frequencies by about
2.5-fold with the ssODN template and by about 4-fold with
the plasmid DNA template and the SaCas9-induced gene
correction frequencies by about 4-fold with the ssODN tem-
plate and by about 6-fold with the plasmid DNA template
(Figure 5B, C).

Because LbCas12a- and SaCas9-induced HDR in the
HDR reporter were respectively stimulated by the prox-
imal binding of dSpCas9-gGW4 or dSpCas9-gGC13 near
LbCas12a-induced DSBs and by the proximal binding of
dSpCas9-gGC7 or dSpCas9-gGC13 near SaCas9-induced
DSBs (Figures 1D, E and 2E, F), we analyzed the effect
of the dSpCas9 proximal binding on the gene correction
mediated by LbCas12a and SaCas9. Targeting dSpCas9
with gGW4, gGC13 and gGW4/gGC13 to locations near
the break increased LbCas12a-induced gene correction by
more than 2-fold with the ssODN template or by nearly 2-
fold with the plasmid dsDNA template (Figure 5B). The
proximal target binding of dSpCas9 enhanced LbCas12a-
induced gene correction further in the presence of Noco-
dazole, more than 2-fold over Nocodazole alone and up to
8-fold in comparison to the DMSO mock treatment (Fig-
ure 5B). Similarly, targeting dSpCas9 with gGC7, gGC13
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Figure 4. dSpCas9–sgRNA proximal binding blocks recruitment of Ku80. (A) Schematic of the competitive binding between dSpCas9 (green square)
and Ku70/Ku80 (orange tandem oval) at the end of DSBs induced by LbCas12a (blue oval). While the Ku70/Ku80 heterodimer is able to bind the free
ends of LbCas12a-induced DSBs, it is expected that this recruitment could be blocked by post-cleavage target residence of LbCas12a at the PAM-proximal
end and the target binding of dSpCas9 to a site within the free end. (B, C) Binding of Flag-dSpCas9-gGW4 or Flag-dSpCas9-gGC6 and Ku80 to DSBs
induced by LbCas12a-gCas12aHR in the HDR reporter (B) and by LbCas12a-gCas12aEJ in the NHEJ reporter (C). Reporter mESCs were transfected
with expression plasmids for LbCas12a-gCas12aHR or LbCas12a-gCas12aEJ, along with expression plasmids for Flag-dSpCas9-gGW4 or Flag-dSpCas9-
gGC6. Binding of Flag-dSpCas9 and Ku80 to the DSBs induced by LbCas12a was detected by ChIP analysis performed with anti-Flag antibody (left)
and anti-Ku80 antibody (right) as well as with anti-IgG background control. Fold enrichment of Flag-dSpCas9 and Ku80 at each position was assessed
by real-time qPCR amplification using primer pairs located at varying distance away from the LbCas12a cleavage site as indicated in orange arrows and
numbers and calculated relative to 1 for fold enrichment with the negative IgG antibody control. The mean and S.E.M for four independent experiments
were shown. Significance as indicated was detected by Student’s t-test: *P < 0.05 and **P < 0.01.
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Figure 5. dSpCas9–sgRNA proximal binding stimulates HDR with ssODN and dsDNA donors. (A) Schematic for generating the I-SceI-GFP correction
reporter. The TrGFP copy of the original HDR reporter was deleted by paired Cas9–sgRNA in HDR reporter mESCs to generate the I-SceI-GFP correction
reporter. Upon LbCas12a- or SaCas9-induced DNA breakage in the modified HDR reporter, wtGFP can be generated by HDR with exogenous ssODN
or plasmid dsDNA homologous templates. (B, C) HDR stimulation by dSpCas9–sgRNA tethered adjacent to a break in I-SceI-GFP reporter mESCs. A
site-specific DSB was induced by LbCas12a-gCas12aHR (B) or SaCas9-gSaHR (C), and GFP+ cells were generated by HDR of the DSB with ssODN or
plasmid dsDNA homologous templates. Frequency of GFP+ cells representing the level of HDR was determined by FACS. During HDR, reporter cells
were treated with NU7441 or Nocodazole alone, or with expression of individual dSpCas9–sgRNA or dSpCas9-gCtrl together with DMSO or Nocodazole
as indicated. Each circle indicated one independent experiment, each in triplicates, and the mean of at least six independent experiments was also indicated.
Error bars indicated S.E.M. Significance was analyzed by Student’s t-test between each control group (‘DMSO’ and ‘gCtrl’) and each sample group and
indicated by * for P < 0.05, **P < 0.01 and ***P < 0.001. (D) Schematic for HDR-mediated knock-in (KI) of a GFP gene into the mouse Rosa26 locus
targeted by LbCas12a or SaCas9. The targeting vector contains the CMV promoter-β-globin intron-GFP (pCMV-β-globin-GFP) cassette flanked by ∼800
bp Rosa26 homology arms on either side. The sgRNAs adjacent to the breakpoint were generated to guide dSpCas9 binding. (E–H) Enhancement of
HDR-mediated KI by dSpCas9–sgRNA tethered adjacent to the site of KI. mESCs were co-transfected with expression plasmids for LbCas12a-gR-6d
(E), LbCas12a-gR-13c (F), SaCas9-gR-6e (G) or SaCas9-gR-6f (H), together with the pCMV-β-globin-GFP KI template and expression plasmids for 6
individual dSpCas9–sgRNAs or control vector (gCtrl). Cells transfected with the pCMV-β-globin-GFP KI template alone without DSB induction at the
KI site served as background (BG). Frequencies of GFP+ cells were analyzed by FACS at 10 d post-transfection and the level of HDR induced by LbCas12a
or SaCas9, representing the HDR-mediated KI efficiency, was corrected by the BG level and normalized with transfection efficiency. Each circle indicated
one independent experiment, each in triplicates, and the mean of at least three independent experiments was also indicated. Error bars indicated S.E.M.
Significance was analyzed by Student’s t-test between ‘dSpCas9-gCtrl’ and each sample group and indicated by *P < 0.05 and **P < 0.01.
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and gGC7/gGC13 increased SaCas9-induced gene correc-
tion by about 2-fold with the ssODN template or with the
plasmid dsDNA template, and in combination with Noco-
dazole, dSpCas9 proximal binding further elevated SaCas9-
induced gene correction (Figure 5C). In human U2OS cells,
dSpCas9 proximal binding also elevated the LbCas12a-
and SaCas9-induced gene correction frequencies with the
ssODN template or with the plasmid dsDNA template, and
such elevation was further stimulated in combination with
Nocodazole treatment (Supplementary Figure S7A, B).

We also tested whether dSpCas9 proximal binding would
improve targeted knock-in of a larger insert at a natural
genomic site. We loaded dSpCas9–sgRNA onto the loca-
tions near LbCas12a- or SaCas9-induced site-specific DSBs
at the Rosa26 targeting sites and analyzed the efficiency of
targeting 2.3-kb GFP expression cassette along with 800-bp
homologous sequences on either side of a donor plasmid
into the Rosa26 targets (Figure 5D). Gene targeting medi-
ated by LbCas12a and SaCas9 was highly efficient at three
sites with 1–3% of GFP+ frequency and less efficient at 1
site with 0.2% of GFP+ frequency (Figure 5E–H). Of note,
without induction of a DSB at the targeting site, the ran-
dom integration of donor plasmid is negligible (Figure 5E–
H). Among sgRNAs guiding dSpCas9 proximal binding,
many had little stimulatory effect on gene targeting induced
by LbCas12a or SaCas9. However, the efficiency of gene
targeting induced by LbCas12a-gR-6d, LbCas12a-gR-13c,
SaCas9-gR-6e and SaCas9-gR-6f was elevated from 1.6%
to 2.3% by dSpCas9-gR1, from 0.15% to 0.3% by dSpCas9-
gR2, from 2.1% to 3.2% by dSpCas9-gL1, and from 2.6%
to 4.0% by dSpCas9-gL1, respectively (Figure 5E–H). This
suggests that dSpCas9 proximal binding could be designed
to locally increase the efficiency of HDR-mediated gene
targeting.

Proximal binding of dSpCas9 does not exacerbate off-target
effects

Inactivation of c-NHEJ by chemical or genetic approaches
is often used to enhance HDR-mediated CRISPR genome
editing; however, our previous study revealed that this strat-
egy often caused stronger off-target effects due to its global
impact (8). In contrast, due to its localized action, dSpCas9
proximal target binding was expected to limit its influence
on off-target sites. To test this possibility, we analyzed the
frequencies of indels at on-target and off-target sites of
SaCas9-gSaHR after respective treatment with NU7441
and dSpCas9 proximal target binding, both of which stimu-
late HDR induced by SaCas9-gSaHR (Figure 5B). NU7441
did not alter the on-target indel efficiency but increased mu-
tagenesis significantly relative to DMSO at four different
gSaHR off-target sites (Figure 6A). Using the ratio of off-
target to on-target indel levels as a metric of off-target ef-
fect, we observed that NU7441 caused significant reduc-
tion in target specificity as anticipated (Figure 6A). In con-
trast, neither gGC7 nor gGC13 in complex with dSpCas9
enhanced mutagenesis as compared to the sgRNA control
at off-target sites (Figure 6A).

Because NU7441, dSpCas9-gR1 and dSpCas9-gL1 im-
proved gene targeting induced by LbCas12a-gR-6d and
SaCas9-gR-6f at the natural genomic site (Figure 5E, H),

we also analyzed NU7441, dSpCas9-gR1 and dSpCas9-
gL1 for their effect on the off-target activities of LbCas12a-
gR-6d and SaCas9-gR-6f. We found that both NU7441
and dSpCas9 binding slightly reduced on-target editing of
two sites by about 20–30%, suggesting repeated cleavage by
LbCas12a and SaCas9 (Figure 6B, C). At off-target sites,
NU7441 increased the mutagenesis whereas neither gR1
nor gL1 in complex with dSpCas9 did (Figure 6B, C). These
results indicate that local dSpCas9 proximal binding, unlike
NU7441, avoid exacerbating off-target effect while enhanc-
ing HDR-mediated genome editing.

Proximal binding of dSaCas9 enhances HDR-mediated
SpCas9 genome editing

Several SpCas9–sgRNA variants including eSpCas9,
SpCas9-HF1 and truncated sgRNA have been engineered
to improve the specificity of SpCas9–sgRNA and reduce
off-target effect in genome editing; However, this improve-
ment is often offset by reduced efficiency of on-target
editing (8,33–35). Because of a reduction in their target
interaction, chemical inhibition of c-NHEJ could efficiently
stimulate HDR induced by these SpCas9–sgRNA variants
as we previously showed (8). Undesirably, off-target effects
of these SpCas9–sgRNA variants are also expected to
increase as those of LbCas12a or SaCas9 do. The dCas9
proximal binding strategy could thus be applied to im-
prove the efficiency of HDR-mediated genome editing by
these more target-specific SpCas9–sgRNA variants while
avoiding exacerbation of any off-target effect. Because
dSpCas9 shares the same sgRNAs with SpCas9–sgRNA
variants, dSpCas9 cannot be used for DSBs induced by the
SpCas9–sgRNA variants. Instead, the catalytically dead
SaCas9 (dSaCas9), which does not share the same sgRNAs
with the SpCas9–sgRNA variants, could be used. Thus,
using dSaCas9 as previously reported (36), we started to
analyze the effect of dSaCas9 proximal binding on HDR
by SpCas9-HF1, eSpCas9 and SpCas9-truncated 17-nt
sgRNA (i.e. T17). We first tethered dSaCas9–sgRNA to
the region within 63 bp of I-SceI-induced DSB in the HDR
reporter (Figure 7A). Among the 4 sgRNAs, gSaGC2 stim-
ulated I-SceI-induced HDR by near 4-fold while the other
three gSaGW6, gSaGW7 and gSaGW8 had little stimulation
(Figure 7A), likely due to different distance to the break
and different target binding affinity of dSaCas9 in complex
with either of these four sgRNAs (Supplementary Figure
S8). Similarly, among the 4 sgRNAs, gSaGC2 elicited 2-,
4- and 2-fold stimulation of HDR induced by eSpCas9-
gHRC2, SpCas9-HF1-gHRC2 and SpCas9-gHRC4-T17,
respectively when dSaCas9 was loaded adjacent to the DSB
by gSaGC2 (Figure 7B–D). Together, these data indicated
dSaCas9 proximal target binding to the break site also
functioned as a local c-NHEJ inhibitor to promote HDR.

We further applied the dSaCas9-based strategy to HDR-
mediated CRISPR gene correction in mESCs containing
the I-SceI-GFP correction reporter (Figure 7E). SpCas9
variants (i.e. eSpCas9- gHRC2 and SpCas9-HF1-gHRC2)
and SpCas9 with truncating sgRNA (i.e. SpCas9-gHRC4-
T17) were chosen for DSB introduction with either ssODN
or a dsDNA plasmid as homologous template. Like
NU7441, dSaCas9-gSaGC2 effectively stimulated eSpCas9-



2752 Nucleic Acids Research, 2023, Vol. 51, No. 6

A

B

C

Figure 6. Proximal binding of dSpCas9–sgRNA adjacent to a DSB for HDR stimulation induces no exacerbation of off-target effect for SaCas9 with
gSaHR (A), LbCas12a with gR-6d (B) and SaCas9 with gR-6f (C). HDR reporter mESCs were transfected with expression plasmids for SaCas9-gSaHR,
LbCas12a-gR-6d and SaCas9-gR-6f, and then either treated with DMSO or NU7441, or co-transfected with expression plasmids for dSpCas9–sgRNA
tethered adjacent to the on-target cutting site. The indel frequency at on-target and selected off-target sites as indicated were measured by amplicon deep
sequencing and defined as the ratio of edited reads to total reads normalized by transfection efficiency. The ratio of off-target frequency to on-target
frequency, i.e. ratio of off-target to on-target, indicated off-target effect. Relative ratio of off-target to on-target was determined by normalizing control
treatment (i.e. ‘DMSO’ or ‘dSpCas9-gCtrl’) to 1.0. Each circle or triangle indicated one independent experiment, each in triplicates, and the mean of
these independent experiments was also shown. Error bars indicated S.E.M. Statistical significance was detected by Student’s t-test between ‘DMSO’ and
‘NU7441’ and indicated by *P < 0.05.
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Figure 7. dSaCas9–sgRNA proximal binding stimulates HDR. (A–D) Effect of dSaCas9–sgRNA tethered adjacent to a DSB on HDR induced by I-SceI
(A), eSpCas9-gHRC2 (B), SpCas9-HF1-gHRC2 (C), SpCas9-gHRC4-T17 (D) in HDR reporter mESCs. Upon DNA breakage induced by I-SceI and
SpCas9 as indicated on the schematic of the reporter, 4 dSaCas9–sgRNAs were individually tethered to DNA sequences flanking the DSB to influence
HDR. Frequency of GFP+ cells was measured by FACS and relative HDR was calculated relative to 1.0 for ‘dSaCas9 + gCtrl’ control. Columns indicated
the mean ± S.E.M. of at least three independent experiments, each in triplicates. Error bars indicated S.E.M. The number in parenthesis following each
sgRNA indicated the distance between the closest point of the PAM-containing 27-nt target site of each dSaCas9–sgRNA to the break point by I-SceI,
eSpCas9-gHRC2, SpCas9-HF1-gHRC2, SpCas9-gHRC4-T17. Significance was determined by Student’t-test between ‘gCtrl’ and each ‘dSaCas9–sgRNA’
and indicated by *P < 0.05 and **P < 0.01. (E) Schematic for the I-SceI-GFP correction reporter. Upon site-specific DNA breakage in the modified HDR
reporter, wtGFP could be generated by HDR with exogenous ssODN or plasmid dsDNA homologous templates. (F–H) HDR stimulation by dSaCas9–
sgRNA tethered adjacent to a DSB induced by eSpCas9-gHRC2 (F), SpCas9-HF1-gHRC2 (G), SpCas9-gHRC4-T17 (H) in I-SceI-GFP reporter mESCs.
GFP+ cells were generated by HDR of the DSB with ssODN or plasmid dsDNA homologous templates. Frequency of GFP+ cells was determined by
FACS. During HDR, reporter cells were treated with NU7441 alone, or with expression of individual dSaCas9-gSaGC2 or dSaCas9-gCtrl together with
DMSO as indicated. Each circle indicates one independent experiment, each in triplicates, and the mean of at least six independent experiments is also
indicated. Error bars indicate S.E.M. Significance was analyzed by Student’s t-test between each sample group and its respective control group (‘DMSO’
and ‘gCtrl’), and indicated by *P < 0.05, **P < 0.01 and *** P < 0.001.
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and SpCas9-HF1-mediated HDR by up to 4-fold with
either ssODN or plasmid DNA (Figure 7F, G). Using
truncated gHRC4-T17, dSaCas9 binding at proximal re-
gion also significantly stimulated the SpCas9-induced HDR
by about 2-fold, a smaller stimulation than 3-fold with
NU7441 (Figure 7H). These results demonstrated the prox-
imal dSaCas9 binding was effective for stimulating HDR
induced by high-fidelity SpCas9–sgRNA variants and ex-
panded the application of the dCas9-based local NHEJ in-
hibitor strategy.

Although high-fidelity SpCas9–sgRNA variants cause
less off-target effect, both NU7441 and dSaCas9-gSaGC2
could still increase off-target activities of these variants
while stimulating HDR for these variants. We thus ex-
amined the effects of NU7441 and dSaCas9-gSaGC2 on
the off-target activities of SpCas9-HF1-gHRC2, eSpCas9-
gHRC2 and SpCas9-gHRC4-T17. Both NU7441 and
dSaCas9-gSaGC2 reduced on-target indel efficiency of
these SpCas9–sgRNA variants (Supplementary Figure 9A-
C). This is likely due to the major use of c-NHEJ in
generation of on-target indels induced by these SpCas9–
sgRNA variants as by SpCas9–sgRNAs (Figure 3A–C) (8).
However, NU7441 stimulated off-target activities of these
SpCas9–sgRNA variants (Supplementary Figure 9A–C).
As a result, NU7441 caused significant reduction in target
specificity as anticipated (Supplementary Figure 9A–C). In
contrast, gSaGC2 in complex with dSaCas9 enhanced mu-
tagenesis as compared to the sgRNA control at off-target
sites (Supplementary Figure 9A–C). These results indicate
that unlike NU7441, local dSaCas9 proximal binding as
well as dSpCas9 proximal binding did not cause any in-
crease of off-target effect while enhancing HDR-mediated
genome editing.

DISCUSSION

Precise editing by HDR has a broad application in genome
and cell engineering by CRISPR genome editing but is of-
ten limited by the low efficiency of HDR (1,3,52). Many
approaches have been taken to improve HDR-mediated
genome editing (3,9). Targeting Cas9-mediated DNA cleav-
age or exposure of DNA breaks in the S/G2 phase of the cell
cycle can be used to increase HDR because the HDR ma-
chinery is evolved to act in the S/G2 phase in mammalian
cells (3,9,15–17). HDR can also be promoted by local en-
richment of homologous templates at the repair site (9–11).
Recent studies show that non-integrating rAAV6 can de-
liver a high level of homologous templates to break sites
for more efficient HDR (53,54). In addition, many studies
have employed Cas9 fusion with a HDR facilitator involv-
ing key steps of HDR to locally enhance HDR-mediated
correction (3,9,12–18). Another approach to promote HDR
is suppression of the competing pathway c-NHEJ by chem-
ical inhibitors, genetic deletion of genes encoding c-NHEJ
factors and fusing Cas9 with c-NHEJ suppressor proteins
such as 53BP1 domain (3,9,13,19–22). Last but not least,
target cleavage could be enhanced by more efficient Cas nu-
cleases and by more accessible chromatin with active tran-
scription, epigenetic modifications or forced unwrapping of
nucleosomes, thus leading to more HDR and NHEJ prod-
ucts (3,9,27,31,32,55–57).

Among these strategies, many work in a global man-
ner and have a potential to exacerbate off-target effects in
CRISPR genome editing. In particular, our previous study
has demonstrated that inactivation of c-NHEJ by chemi-
cal or genetic approaches increases the frequency of indels
at off-target sites where Cas9 binding is generally weaker
and lasts shorter, thus causing stronger off-target effects (8).
Off-target effects are a serious problem in CRISPR genome
editing and have greatly limited clinical use of this technol-
ogy; however, the stimulation of off-target effect by chem-
ical or genetic inhibition of c-NHEJ was often ignored in
CRISPR genome editing (8,58). Therefore, a strategy is ur-
gently needed to inhibit c-NHEJ while causing no addi-
tional off-target effects in CRISPR genome editing. After
having demonstrated c-NHEJ inhibition and HDR stim-
ulation by dCas9 proximal binding, this study established
dCas9 proximal binding as a strategy of local c-NHEJ in-
hibitor to address this need.

Upon DSBs induced by SpCas9 at many sites, sponta-
neous dissociation of SpCas9–sgRNAs from the cleaved
targets exposes the DSB ends, which can be readily rec-
ognized and bound by the DNA-PKcs/Ku70/Ku80 (i.e.
DNA-PK) holoenzyme and ligated by XRCC4/DNA ligase
4. The binding affinity of Ku70/Ku80 to DNA ends, each
molecule in close contact with 13–21 bp of DNA, is gener-
ally high with the dissociation constant (Kd) at 0.15–0.4 nM
and this strong binding is necessary for efficient recruitment
of DNA-PKcs and XRCC4/DNA ligase 4 (59). After being
loaded onto DNA ends, the Ku70/Ku80 heterodimer may
be pushed inwards along DNA, allowing DNA-PKcs to
bind the DNA ends (59). The DNA-PK holoenzyme inter-
acts with ∼37 bp of DNA as Ku70/Ku80 binds DNA next
to DNA-PKcs (60). The DNA-PK complex may further
translocate away from the DSB ends so that XRCC4/DNA
ligase 4 can bind 12–13 bp of DNA at the DSB ends for
end ligation (61). As dSpCas9 binds to its targets with
the Kd approximately at 0.2–4 nM (25,26,62), it is possible
that dSpCas9 proximal binding can directly compete with
Ku70/Ku80 for DNA binding or prevent the inward move-
ment of Ku70/Ku80 along DNA. In fact, an in vitro as-
say has demonstrated that SpCas9 residing at the cleaved
target cannot be displaced by 100-fold molar excess of the
Ku70/Ku80 complex (27). It is conceivable that the c-NHEJ
apparatus may not be properly assembled for c-NHEJ af-
ter dSpCas9 proximal binding. This possibility prompts us
to devise the strategy of dSpCas9 proximal binding to sup-
press c-NHEJ at a given site. Acting as a c-NHEJ inhibitor,
dSpCas9 tethered adjacent to a DSB may preclude the ac-
cess of DSB ends by Ku70/Ku80 for end binding or block
the inward sliding of Ku70/Ku80 along DNA for recruit-
ment of DNA-PKcs and XRCC4/DNA ligase 4 and stim-
ulate HDR by locally suppressing c-NHEJ that depends
upon DNA-PKcs/Ku70/Ku80 and XRCC4/DNA ligase 4.
Direct competition with Ku70/Ku80 for end binding and
blockage of Ku70/Ku80 end sliding may disrupt different
c-NHEJ steps that require different c-NHEJ factors. As loss
of different c-NHEJ factors results in different a-EJ out-
comes and different levels of HDR stimulation as we and
others have demonstrated before (8,44,63–65), this helps ex-
plain why dCas9 could still inhibit mutagenic NHEJ, albeit
to less extent, in XRCC4–/– cells (Figure 3D, E).
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Unlike the global c-NHEJ inhibition induced by chem-
icals or genetic ablation, the c-NHEJ inhibition imposed
by dSpCas9 proximal binding rarely occurs simultaneously
at the off-target sites for DNA cleavage by other Cas nu-
cleases, therefore not exacerbating the off-target effects.
While dSpCas9 proximal binding promotes HDR induced
by different CRISPR/Cas systems such as LbCas12a and
SaCas9, HDR induced by SpCas9–sgRNA variants such
as eSpCas9, SpCas9-HF1 and truncated sgRNAs can also
be facilitated by dSaCas9 tethered near the repair site. The
SpCas9 variants eSpCas9 and SpCas9-HF1 and truncated
sgRNAs have been developed to improve the specificity of
CRISPR/Cas9 genome editing and reduce off-target effects
by removing the excessive target binding of Cas9–sgRNA.
This improvement is however often offset by a reduction
in target cleavage. The application of these Cas9–sgRNA
variants could be particularly helped by dSaCas9 proximal
binding that enhances the efficiency of genome editing me-
diated by these variants without increasing their off-target
activities.

Previous studies have suggested that dSpCas9 proximal
binding can induce unwrapping of neighboring nucleo-
somes and increase the accessibility of nucleosomal DNA
target for Cas12a-mediated cleavage (31,32). This model
would help explain the HDR stimulation by dCas9 proxi-
mal binding; it is however inconsistent with requirement of
c-NHEJ factors for the HDR stimulation, dCas9-mediated
inhibition of c-NHEJ or reduced recruitment of Ku80 to
DNA ends in our study. It is worth noting that the HDR
stimulation by dSpCas9 proximal binding and the underly-
ing mechanisms may vary considerably between targets, be-
tween cell types and between cell cycle stages. For example,
when SpCas9-induced DSBs are exposed by DNA replica-
tion forks at many sites, c-NHEJ is little or not even en-
gaged in repair of these DSBs (8,66). Thus, like chemical
inhibitors of c-NHEJ, which often generate mixed results
in stimulating SpCas9-induced HDR (3,8), dCas9 proxi-
mal binding may not suppress c-NHEJ of SpCas9-induced
DSBs at these sites in favor of HDR. Instead, if dCas9
proximal binding still stimulates HDR in this case, it is
not mediated by locally suppressing c-NHEJ, but possi-
bly by dCas9-mediated alteration of chromatin dynamics
(31,32).

Upon binding to DSB ends, Ku70/Ku80 protect the
ends from end processing and promote c-NHEJ that is in-
nately accurate in joining readily ligatable ends (6–8). This
study demonstrated that dCas9 proximal binding locally
suppressed c-NHEJ and stimulated HDR by blocking end
binding or end sliding of Ku70/Ku80 at specific sites. How-
ever, it remains unclear how exactly the HDR factors are
engaged to the DSB ends where dCas9 resides. Likely, af-
ter preventing end binding or end sliding of Ku70/Ku80,
dCas9 may be subsequently released from its target sites
due to the dynamic of its target residence and local DNA
metabolism, allowing late engagement of HDR. In addi-
tion, studies have shown that removal of bound proteins
such as Ku70/Ku80 and other blocks from the ends is s
a critical step for short-range end resection and requires
Mre11 endonuclease activity that cleaves the 5’-terminated
strand at positions up to 300–400 nt away from the ends
(67–74). It is possible that, like Ku70/Ku80 or other pro-

tein blocks bound to the ends, dCas9 tethered to DNA ends
could induce recruitment of Mre11 to create a nick at a po-
sition up to 300–400 nt away from the neighboring ends,
initiate short-range end resection to dislodge dCas9 from
the ends and facilitate HDR. However, using Mre11 ChIP
analysis, we did not find significant enrichment of Mre11 at
position up to 300–400 nt away from the ends in the pres-
ence of dSpCas9 proximal binding (Supplementary Figure
S10A, B). Instead, it appeared that Mre11 was enriched
further away from the ends at the regions from -801 nt to
-2736 nt; but the reason is unclear. In addition, if Mre11
is indeed recruited to initiate short-range end resection at
positions up to 300–400 nt away from the ends for HDR,
some of the resected ends might fail to engage HDR and
could be repaired by NHEJ, generating large deletions in
indel-based NHEJ products. However, junction analysis by
targeted PCR amplicon deep sequencing revealed that like
NU7441, dSpCas9 or dSaCas9 tethered to a DSB end did
not increase large deletions while generally having modest
effect on the length distribution of deletions within 150 bp
(Supplementary Figure S11A–F). Considering that NHEJ
events with such large deletions are in a much smaller por-
tion compared to all indel-based NHEJ products, this result
is not surprising. Moreover, targeted PCR amplicon deep
sequencing in this study is only applicable for PCR prod-
ucts of 300 bp and may be unsuitable for detecting large
deletions. A better approach is needed to properly and sys-
temically analyze the effect of dSpCas9 proximal binding
on end resection in the future.

Like any other dCas9-based platforms, the efficiency of
dCas9-based local c-NHEJ inhibitor is determined by sev-
eral factors: the distance of dCas9 proximal binding to the
DSB ends, the chromatin state at the site for dCas9 proxi-
mal binding, and the binding affinity and residence duration
of dCas9 at its target (24,30). While the distance of dCas9
proximal binding to the DSB ends is easy to control, the lat-
ter two are hard to predict. Preassembled nucleosome at the
dCas9 target may prevent dCas9 proximal binding, making
ineffective this strategy of dCas9-based local c-NHEJ inhi-
bition (32,75,76). In addition, dCas9 proximal binding may
require a strong binding affinity and persistent residence to
block the binding of Ku70/Ku80 to DSB ends. However,
the binding affinity and residence duration of dCas9 may
vary significantly from target to target and from cell type
to cell type. Some are rather strong and some others quite
weak. While reducing excessive target interaction of Cas9
is a useful strategy to minimize off-target effect in CRISPR
genome editing, there remains a need for engineered dCas9
variants with a stronger and more persistent binding ability
to improve the effect of dCas9-based platforms including
this local c-NHEJ inhibition (24).
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46. Delacôte,F., Han,M., Stamato,T.D., Jasin,M. and Lopez,B.S. (2002)
An xrcc4 defect or Wortmannin stimulates homologous
recombination specifically induced by double-strand breaks in
mammalian cells. Nucleic Acids Res., 30, 3454–3463.

47. Yin,J., Lu,R., Xin,C., Wang,Y., Ling,X., Li,D., Zhang,W., Liu,M.,
Xie,W., Kong,L. et al. (2022) Cas9 exo-endonuclease eliminates
chromosomal translocations during genome editing. Nat. Commun.,
13, 1204.

48. Singh,D., Mallon,J., Poddar,A., Wang,Y., Tippana,R., Yang,O.,
Bailey,S. and Ha,T. (2018) Real-time observation of DNA target
interrogation and product release by the RNA-guided endonuclease
CRISPR Cpf1 (Cas12a). Proc. Natl. Acad. Sci. U.S.A., 115,
5444–5449.

49. Jeon,Y., Choi,Y.H., Jang,Y., Yu,J., Goo,J., Lee,G., Jeong,Y.K.,
Lee,S.H., Kim,I.-S., Kim,J.-S. et al. (2018) Direct observation of
DNA target searching and cleavage by CRISPR-Cas12a. Nat.
Commun., 9, 2777.

50. Strohkendl,I., Saifuddin,F.A., Rybarski,J.R., Finkelstein,I.J. and
Russell,R. (2018) Kinetic basis for DNA target specificity of
CRISPR-Cas12a. Mol. Cell, 71, 816–824.

51. Swarts,D.C. and Jinek,M. (2019) Mechanistic insights into the cis-
and trans-acting DNase activities of Cas12a. Mol. Cell, 73, 589–600.

52. Rezalotfi,A., Fritz,L., Förster,R. and Bošnjak,B. (2022) Challenges
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Schäfer,A.J., Floor,S.N. and Corn,J.E. (2018) CRISPR-Cas9 genome
editing in human cells occurs via the Fanconi anemia pathway. Nat.
Genet., 50, 1132–1139.

67. Cejka,P. and Symington,L.S. (2021) DNA end resection: mechanism
and control. Annu. Rev. Genet., 55, 285–307.

68. Paiano,J., Wu,W., Yamada,S., Sciascia,N., Callen,E., Paola
Cotrim,A., Deshpande,R.A., Maman,Y., Day,A., Paull,T.T. et al.
(2020) ATM and PRDM9 regulate SPO11-bound recombination
intermediates during meiosis. Nat. Commun, 11, 857.

69. Mimitou,E.P., Yamada,S. and Keeney,S. (2017) A global view of
meiotic double-strand break end resection. Science, 355, 40–45.

70. Chanut,P., Britton,S., Coates,J., Jackson,S.P. and Calsou,P. (2016)
Coordinated nuclease activities counteract Ku at single-ended DNA
double-strand breaks. Nat. Commun., 7, 12889.

71. Deshpande,R.A., Myler,L.R., Soniat,M.M., Makharashvili,N.,
Lee,L., Lees-Miller,S.P., Finkelstein,I.J. and Paull,T.T. (2020)
DNA-dependent protein kinase promotes DNA end processing by
MRN and CtIP. Sci. Adv., 6, eaay0922.



2758 Nucleic Acids Research, 2023, Vol. 51, No. 6

72. Myler,L.R., Gallardo,I.F., Soniat,M.M., Deshpande,R.A.,
Gonzalez,X.B., Kim,Y., Paull,T.T. and Finkelstein,I.J. (2017)
Single-molecule imaging reveals how Mre11-Rad50-Nbs1 initiates
DNA break repair. Mol. Cell, 67, 891–898.

73. Reginato,G., Cannavo,E. and Cejka,P. (2017) Physiological protein
blocks direct the Mre11-Rad50-Xrs2 and Sae2 nuclease complex to
initiate DNA end resection. Genes Dev., 31, 2325–2330.

74. Wang,W., Daley,J.M., Kwon,Y., Krasner,D.S. and Sung,P. (2017)
Plasticity of the Mre11-Rad50-Xrs2-Sae2 nuclease ensemble in the
processing of DNA-bound obstacles. Genes Dev., 31, 2331–2336.

75. Horlbeck,M.A., Witkowsky,L.B., Guglielmi,B., Replogle,J.M.,
Gilbert,L.A., Villalta,J.E., Torigoe,S.E., Tjian,R. and Weissman,J.S.
(2016) Nucleosomes impede Cas9 access to DNA in vivo and in vitro.
Elife, 5, e12677.

76. Isaac,R.S., Jiang,F., Doudna,J.A., Lim,W.A., Narlikar,G.J. and
Almeida,R. (2016) Nucleosome breathing and remodeling constrain
CRISPR-Cas9 function. Elife, 5, e13450.


