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Abstract: The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) is
widely used for targeted genomic and epigenomic modifications and imaging in cells and organisms, and holds tremendous
promise in clinical applications. The efficiency and accuracy of the technology are partly determined by the target binding
affinity and residence time of Cas9-single-guide RNA (sgRNA) at a given site. However, little attention has been paid to the
effect of target binding affinity and residence duration on the repair of Cas9-induced DNA double-strand breaks (DSBs). We
propose that the choice of DSB repair pathway may be altered by variation in the binding affinity and residence duration of
Cas9-sgRNA at the cleaved target, contributing to significantly heterogeneous mutations in CRISPR/Cas9 genome editing.
Here, we discuss the effect of Cas9-sgRNA target binding and residence on the choice of DSB repair pathway in CRISPR/Cas9
genome editing, and the opportunity this presents to optimize Cas9-based technology.
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1 Introduction

The clustered regularly interspaced short palin‐
dromic repeats (CRISPR) was originally discovered
in the genomes of bacteria and archaea as a defense
system to combat virus infection (Horvath and Barr‐
angou, 2010). Partnering with CRISPR-associated
(Cas) nucleases, CRISPR detects and cleaves viral
DNA to remove invading viruses from hosts. Among
diverse CRISPR systems, both CRISPR/Cas9 and
CRISPR/Cas12a (also called Cpf1) are single-subunit
effectors initially developed as powerful tools in ge‐
nome editing due to their ability to target genomic

DNA in eukaryotic cells and induce a site-specific
DNA double-strand break (DSB) at the target (Hsu
et al., 2014; Jiang and Doudna, 2017). Both systems
comprise a nuclease and a single-guide RNA (sgRNA).
For the widely used Cas9 system from Streptococcus
pyogenes, the sgRNA is created by fusing CRISPR
RNA (crRNA) and trans-activating crRNA (tracrRNA)
(Jinek et al., 2012; Cong et al., 2013; Mali et al.,
2013). The sgRNA component contains a spacer
segment that can be designed to match a DNA sequence
of interest and guide the Cas protein to the target,
allowing induction of site-specific DSBs by the en‐
zyme. This two-component genome editing technology
is easy to use, highly efficient, and reliable in DNA
cleavage, and has revolutionized the fields of biology,
agriculture, and medicine since its inception (Hsu
et al., 2014; Jiang and Doudna, 2017).

CRISPR-mediated genome editing is eventually
achieved by cellular repair of site-specific DSBs
induced by CRISPR nucleases such as Cas9 and
Cas12a, generating the desired DNA editing, including
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substitution, insertion, deletion, or translocation, among
a variety of repair products. In eukaryotes, DSBs are
repaired primarily by homology-directed repair (HDR)
and non-homologous end joining (NHEJ), two major
evolutionarily conserved repair mechanisms (Jasin
and Haber, 2016; Gallagher and Haber, 2018). HDR
requires a homologous sequence as a template for re‐
pair and resolves DSBs primarily in the S and G2
phases when sister chromatids are available as ho‐
mologous templates, whereas NHEJ operates through‐
out the cell cycle. NHEJ can be further divided into
at least two sub-pathways, classical and alternative
(Boboila et al., 2012). Classical NHEJ (c-NHEJ) is
the primary NHEJ pathway and requires several core
NHEJ factors including DNA-dependent protein ki‐
nase catalytic subunit (DNA-PKcs), Ku70/Ku80,
X-ray repair cross-complementing protein 4 (XRCC4),
and DNA ligase 4 to catalyze ligation of DNA ends.
Alternative NHEJ (a-NHEJ) operates independently
of either of these core factors and often uses micro‐
homology to mediate rejoining of DNA ends. When
limited homologous sequence is available in close
vicinity of the break site, the other two pathways,
microhomology-mediated end joining (MMEJ) and
single-strand annealing (SSA), are engaged, and the
choice may be determined by the length of micro‐
homology (Bhargava et al., 2016; Seol et al., 2018).

In CRISPR genome editing, upon site-specific
DNA cleavage, different repair pathways compete for
repair of the DSB. Cell cycle stage is a primary deter‐
minant of the choice of DSB repair pathway (Syming‐
ton and Gautier, 2011). Chemicals that arrest the cell
cycle have been explored to promote HDR in CRISPR
genome editing (Lin et al., 2014). Other factors, in‐
cluding DNA end configuration, surrounding chro‐
matin structure, and local DNA metabolism, also par‐
ticipate in the regulation of repair pathway choice
(Symington and Gautier, 2011). Adding to this com‐
plexity, unique DSB induction by CRISPR nucleases
appears to play an important role, part of which is the
distinct binding of the Cas-sgRNA complex to its tar‐
get. As controlling repair pathway choice has become
an important strategy to enhance the efficiency and
accuracy of CRISPR genome editing (Yeh et al.,
2019), we focus here on S. pyogenes Cas9 (SpCas9)
to discuss the effect of CRISPR target binding on
DSB repair pathway choice and its potential for
improving CRISPR genome editing.

2 Unique DSB induction and repair in CRISPR/
Cas9 genome editing

Cas9 contains two distinct lobes, the nuclease
(NUC) lobe and the recognition (REC) lobe. The
NUC lobe is composed of an HNH nuclease domain,
a RuvC-like nuclease domain, and a C-terminal pro‐
tospacer adjacent motif (PAM)-interacting (PI) do‐
main. To bind its target, the Cas9-sgRNA complex
first searches through the entire genome for a PAM
via the PI domain of Cas9, and then initiates unwind‐
ing of duplexed DNA, starting at the nucleotide most
proximal to the PAM and moving toward the PAM-
distal nucleotide (Anders et al., 2014; Sternberg et al.,
2014; Jiang and Doudna, 2017). Both DNA strands
are trapped by the two-lobed Cas9 architecture and
accommodated within a positively charged channel
between the two lobes (Anders et al., 2014; Nishimasu
et al., 2014; Jiang and Doudna, 2017). Along with
unwinding of DNA duplex, sgRNA displaces the non-
target DNA strand with a 20-nucleotide (nt) spacer
sequence that is annealed to the target strand of
DNA by base pairing to form an R-loop structure,
which stabilizes the Cas9-sgRNA-DNA complex. A
perfect or near-perfect match between the seed region
of the sgRNA spacer and the target strand leads to
cleavage of both the target and non-target DNA
strands. The seed region is defined as the PAM-
proximal 10‒12 nt located in the 3'-end of the spacer
sequence (Anders et al., 2014; Nishimasu et al.,
2014; Sternberg et al., 2014; Jiang and Doudna,
2017). The HNH and RuvC-like nuclease domains
respectively cleave target and non-target DNA strands
between the third and fourth nucleotides upstream
of the PAM, forming a blunt-ended DSB (Anders
et al., 2014; Nishimasu et al., 2014; Sternberg et al.,
2014, 2015; Jiang and Doudna, 2017). It remains un‐
clear how Cas9-sgRNA is dissociated from cleaved
DNA to expose Cas9-induced DSBs for repair. How‐
ever, in vitro experiments have shown that the Cas9-
sgRNA complex remains tightly bound to target DNA
for several hours after DNA cleavage (Sternberg et al.,
2014; Richardson et al., 2016).

Structural and biochemical studies have demon‐
strated that DSB induction by Cas9-sgRNA is distinct
from DSB induction by ionizing radiation (IR), radio‐
mimetic chemicals, and meganucleases such as I-SceI,
the HO homing endonuclease, zinc finger nuclease

(ZFN), and transcription activator-like effector nucle‐
ase (TALEN) (Anders et al., 2014; Nishimasu et al.,
2014; Sternberg et al., 2014, 2015; Richardson et al.,
2016; Jiang and Doudna, 2017; Gallagher and Haber,
2018; Yeh et al., 2019). Thus, the cellular DNA dam‐
age response (DDR) and repair machineries have to
respond to unique features in DSB induction by Cas9.
One of these unique features is the variability of the
target binding affinity of the Cas9-sgRNA complex,
which is dependent upon sgRNA-DNA base pairing
and the interactions of Cas9 with sgRNA and target
DNA (Jiang and Doudna, 2017; Kim et al., 2019). In
contrast, meganucleases bind to target DNA solely via
protein‒DNA interaction (Jasin and Haber, 2016; Gal‐
lagher and Haber, 2018). Consequently, variation in
the target binding affinity of Cas9-sgRNA could have
a significant influence on repair pathway choice, con‐
tributing to the heterogeneity of mutation profiles in
CRISPR genome editing. Although the target binding
of Cas9-sgRNA can tolerate some mismatches be‐
tween the target strand and the complementary sgRNA
spacer, target binding affinity is highly sensitive to the
number and position of the mismatches (Doench et al.,
2016; Boyle et al., 2017; Kim et al., 2019). Differ‐
ences in mismatch number and position could lead
to different repair choices between on-target and off-
target sites in CRISPR/Cas9 genome editing.

Additionally, unlike meganucleases, cleavage of
DNA strands by CRISPR/Cas9 is asymmetric because
the HNH domain cleaves the target strand of the
RNA-DNA hybrid and the RuvC-like domain cleaves
the non-target strand of DNA within the R-loop of the
Cas9-sgRNA-DNA complex (Garneau et al., 2010;
Jinek et al., 2012; Sternberg et al., 2014; Szczelkun
et al., 2014). While HNH cuts the DNA strand of the
RNA-DNA hybrid stringently between the third and
fourth nucleotides upstream of the PAM, the RuvC-
like domain is more flexible and cleaves DNA at dif‐
ferent positions 3 nt or more upstream of the PAM,
leading to a high level of predictable templated inser‐
tions in repair products (Garneau et al., 2010; Jinek
et al., 2012; Guo et al., 2018; Lemos et al., 2018;
Shou et al., 2018; Allen et al., 2019; Chakrabarti
et al., 2019). Nevertheless, Cas9 generates mostly
blunt-ended DSBs, whereas Cas12a induces DSBs with
5'-overhanging ends (Zetsche et al., 2015). Each type of
end configuration appears to require different accom‐
modation for end recognition and repair. However,

our current knowledge about repair of site-specific
DSBs is based mainly on studies of DSBs with 4-nt 3'-
overhanging ends induced by meganucleases such
as I-SceI or the HO homing endonuclease (Chang
et al., 2016; Gallagher and Haber, 2018). Therefore,
we expect that our current understanding of site-specific
DSB repair may not be completely applicable to those
caused by the CRISPR/Cas systems.

Moreover, the Cas9-sgRNA complex is not only
bound to the target DNA for several hours, but also re‐
mains tightly bound to the cleaved DNA products for
a period of time (Kim et al., 2014; Sternberg et al.,
2014; Ma et al., 2016; Richardson et al., 2016). Cas9-
sgRNA residing at the cleaved DNA conceals the
DSBs from access by the DDR and repair machineries,
which can be fully activated only after Cas9-sgRNA
leaves the DSBs. A long residence duration of Cas9-
sgRNA at the cleaved DNA may increase the proba‐
bility of collision with DNA replication and tran‐
scription, stalling the replication fork or generating a
transcription-associated R-loop. This may help ex‐
plain why Fanconi anemia complementation group
D2 (FANCD2) is localized to the target sites in the
presence of Cas9-sgRNA, although it is unclear whether
FANCD2 enrichment is dependent upon the nuclease
activity of Cas9 (Richardson et al., 2018). Of note,
like Cas9-sgRNA, the target binding of nuclease-
dead Cas9 (dCas9)-sgRNA also generates the R-loop
structure, which itself is a source for DSBs and a
cause of genome instability (Jiang and Doudna, 2017;
Hegazy et al., 2020). Before complete dissociation of
Cas9-sgRNA from the DSB, the 3'-end of the cleaved
non-target strand is released from the Cas9-sgRNA-
DSB complex immediately upon DNA nicking (Rich‐
ardson et al., 2016, 2018; Jiang and Doudna, 2017).
This free single-stranded DNA (ssDNA) end can be
annealed by a complementary ssDNA template to en‐
hance HDR (Richardson et al., 2016). This HDR-
mediated incorporation of single-stranded donor oligo‐
deoxynucleotide (ssODN) is surprisingly independent
of Rad51, but requires the Fanconi anemia (FA)
pathway, which is normally implicated in resolving
interstrand cross-links (ICLs) (Ceccaldi et al., 2016;
Richardson et al., 2018). Unlike SpCas9, both the
Cas12a-sgRNA complex and the Staphylococcus
aureus Cas9 (SaCas9)-sgRNA complex may release
the PAM-distal double-stranded DNA (dsDNA) ends,
but remain bound to the PAM-proximal end after
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substitution, insertion, deletion, or translocation, among
a variety of repair products. In eukaryotes, DSBs are
repaired primarily by homology-directed repair (HDR)
and non-homologous end joining (NHEJ), two major
evolutionarily conserved repair mechanisms (Jasin
and Haber, 2016; Gallagher and Haber, 2018). HDR
requires a homologous sequence as a template for re‐
pair and resolves DSBs primarily in the S and G2
phases when sister chromatids are available as ho‐
mologous templates, whereas NHEJ operates through‐
out the cell cycle. NHEJ can be further divided into
at least two sub-pathways, classical and alternative
(Boboila et al., 2012). Classical NHEJ (c-NHEJ) is
the primary NHEJ pathway and requires several core
NHEJ factors including DNA-dependent protein ki‐
nase catalytic subunit (DNA-PKcs), Ku70/Ku80,
X-ray repair cross-complementing protein 4 (XRCC4),
and DNA ligase 4 to catalyze ligation of DNA ends.
Alternative NHEJ (a-NHEJ) operates independently
of either of these core factors and often uses micro‐
homology to mediate rejoining of DNA ends. When
limited homologous sequence is available in close
vicinity of the break site, the other two pathways,
microhomology-mediated end joining (MMEJ) and
single-strand annealing (SSA), are engaged, and the
choice may be determined by the length of micro‐
homology (Bhargava et al., 2016; Seol et al., 2018).

In CRISPR genome editing, upon site-specific
DNA cleavage, different repair pathways compete for
repair of the DSB. Cell cycle stage is a primary deter‐
minant of the choice of DSB repair pathway (Syming‐
ton and Gautier, 2011). Chemicals that arrest the cell
cycle have been explored to promote HDR in CRISPR
genome editing (Lin et al., 2014). Other factors, in‐
cluding DNA end configuration, surrounding chro‐
matin structure, and local DNA metabolism, also par‐
ticipate in the regulation of repair pathway choice
(Symington and Gautier, 2011). Adding to this com‐
plexity, unique DSB induction by CRISPR nucleases
appears to play an important role, part of which is the
distinct binding of the Cas-sgRNA complex to its tar‐
get. As controlling repair pathway choice has become
an important strategy to enhance the efficiency and
accuracy of CRISPR genome editing (Yeh et al.,
2019), we focus here on S. pyogenes Cas9 (SpCas9)
to discuss the effect of CRISPR target binding on
DSB repair pathway choice and its potential for
improving CRISPR genome editing.

2 Unique DSB induction and repair in CRISPR/
Cas9 genome editing

Cas9 contains two distinct lobes, the nuclease
(NUC) lobe and the recognition (REC) lobe. The
NUC lobe is composed of an HNH nuclease domain,
a RuvC-like nuclease domain, and a C-terminal pro‐
tospacer adjacent motif (PAM)-interacting (PI) do‐
main. To bind its target, the Cas9-sgRNA complex
first searches through the entire genome for a PAM
via the PI domain of Cas9, and then initiates unwind‐
ing of duplexed DNA, starting at the nucleotide most
proximal to the PAM and moving toward the PAM-
distal nucleotide (Anders et al., 2014; Sternberg et al.,
2014; Jiang and Doudna, 2017). Both DNA strands
are trapped by the two-lobed Cas9 architecture and
accommodated within a positively charged channel
between the two lobes (Anders et al., 2014; Nishimasu
et al., 2014; Jiang and Doudna, 2017). Along with
unwinding of DNA duplex, sgRNA displaces the non-
target DNA strand with a 20-nucleotide (nt) spacer
sequence that is annealed to the target strand of
DNA by base pairing to form an R-loop structure,
which stabilizes the Cas9-sgRNA-DNA complex. A
perfect or near-perfect match between the seed region
of the sgRNA spacer and the target strand leads to
cleavage of both the target and non-target DNA
strands. The seed region is defined as the PAM-
proximal 10‒12 nt located in the 3'-end of the spacer
sequence (Anders et al., 2014; Nishimasu et al.,
2014; Sternberg et al., 2014; Jiang and Doudna,
2017). The HNH and RuvC-like nuclease domains
respectively cleave target and non-target DNA strands
between the third and fourth nucleotides upstream
of the PAM, forming a blunt-ended DSB (Anders
et al., 2014; Nishimasu et al., 2014; Sternberg et al.,
2014, 2015; Jiang and Doudna, 2017). It remains un‐
clear how Cas9-sgRNA is dissociated from cleaved
DNA to expose Cas9-induced DSBs for repair. How‐
ever, in vitro experiments have shown that the Cas9-
sgRNA complex remains tightly bound to target DNA
for several hours after DNA cleavage (Sternberg et al.,
2014; Richardson et al., 2016).

Structural and biochemical studies have demon‐
strated that DSB induction by Cas9-sgRNA is distinct
from DSB induction by ionizing radiation (IR), radio‐
mimetic chemicals, and meganucleases such as I-SceI,
the HO homing endonuclease, zinc finger nuclease

(ZFN), and transcription activator-like effector nucle‐
ase (TALEN) (Anders et al., 2014; Nishimasu et al.,
2014; Sternberg et al., 2014, 2015; Richardson et al.,
2016; Jiang and Doudna, 2017; Gallagher and Haber,
2018; Yeh et al., 2019). Thus, the cellular DNA dam‐
age response (DDR) and repair machineries have to
respond to unique features in DSB induction by Cas9.
One of these unique features is the variability of the
target binding affinity of the Cas9-sgRNA complex,
which is dependent upon sgRNA-DNA base pairing
and the interactions of Cas9 with sgRNA and target
DNA (Jiang and Doudna, 2017; Kim et al., 2019). In
contrast, meganucleases bind to target DNA solely via
protein‒DNA interaction (Jasin and Haber, 2016; Gal‐
lagher and Haber, 2018). Consequently, variation in
the target binding affinity of Cas9-sgRNA could have
a significant influence on repair pathway choice, con‐
tributing to the heterogeneity of mutation profiles in
CRISPR genome editing. Although the target binding
of Cas9-sgRNA can tolerate some mismatches be‐
tween the target strand and the complementary sgRNA
spacer, target binding affinity is highly sensitive to the
number and position of the mismatches (Doench et al.,
2016; Boyle et al., 2017; Kim et al., 2019). Differ‐
ences in mismatch number and position could lead
to different repair choices between on-target and off-
target sites in CRISPR/Cas9 genome editing.

Additionally, unlike meganucleases, cleavage of
DNA strands by CRISPR/Cas9 is asymmetric because
the HNH domain cleaves the target strand of the
RNA-DNA hybrid and the RuvC-like domain cleaves
the non-target strand of DNA within the R-loop of the
Cas9-sgRNA-DNA complex (Garneau et al., 2010;
Jinek et al., 2012; Sternberg et al., 2014; Szczelkun
et al., 2014). While HNH cuts the DNA strand of the
RNA-DNA hybrid stringently between the third and
fourth nucleotides upstream of the PAM, the RuvC-
like domain is more flexible and cleaves DNA at dif‐
ferent positions 3 nt or more upstream of the PAM,
leading to a high level of predictable templated inser‐
tions in repair products (Garneau et al., 2010; Jinek
et al., 2012; Guo et al., 2018; Lemos et al., 2018;
Shou et al., 2018; Allen et al., 2019; Chakrabarti
et al., 2019). Nevertheless, Cas9 generates mostly
blunt-ended DSBs, whereas Cas12a induces DSBs with
5'-overhanging ends (Zetsche et al., 2015). Each type of
end configuration appears to require different accom‐
modation for end recognition and repair. However,

our current knowledge about repair of site-specific
DSBs is based mainly on studies of DSBs with 4-nt 3'-
overhanging ends induced by meganucleases such
as I-SceI or the HO homing endonuclease (Chang
et al., 2016; Gallagher and Haber, 2018). Therefore,
we expect that our current understanding of site-specific
DSB repair may not be completely applicable to those
caused by the CRISPR/Cas systems.

Moreover, the Cas9-sgRNA complex is not only
bound to the target DNA for several hours, but also re‐
mains tightly bound to the cleaved DNA products for
a period of time (Kim et al., 2014; Sternberg et al.,
2014; Ma et al., 2016; Richardson et al., 2016). Cas9-
sgRNA residing at the cleaved DNA conceals the
DSBs from access by the DDR and repair machineries,
which can be fully activated only after Cas9-sgRNA
leaves the DSBs. A long residence duration of Cas9-
sgRNA at the cleaved DNA may increase the proba‐
bility of collision with DNA replication and tran‐
scription, stalling the replication fork or generating a
transcription-associated R-loop. This may help ex‐
plain why Fanconi anemia complementation group
D2 (FANCD2) is localized to the target sites in the
presence of Cas9-sgRNA, although it is unclear whether
FANCD2 enrichment is dependent upon the nuclease
activity of Cas9 (Richardson et al., 2018). Of note,
like Cas9-sgRNA, the target binding of nuclease-
dead Cas9 (dCas9)-sgRNA also generates the R-loop
structure, which itself is a source for DSBs and a
cause of genome instability (Jiang and Doudna, 2017;
Hegazy et al., 2020). Before complete dissociation of
Cas9-sgRNA from the DSB, the 3'-end of the cleaved
non-target strand is released from the Cas9-sgRNA-
DSB complex immediately upon DNA nicking (Rich‐
ardson et al., 2016, 2018; Jiang and Doudna, 2017).
This free single-stranded DNA (ssDNA) end can be
annealed by a complementary ssDNA template to en‐
hance HDR (Richardson et al., 2016). This HDR-
mediated incorporation of single-stranded donor oligo‐
deoxynucleotide (ssODN) is surprisingly independent
of Rad51, but requires the Fanconi anemia (FA)
pathway, which is normally implicated in resolving
interstrand cross-links (ICLs) (Ceccaldi et al., 2016;
Richardson et al., 2018). Unlike SpCas9, both the
Cas12a-sgRNA complex and the Staphylococcus
aureus Cas9 (SaCas9)-sgRNA complex may release
the PAM-distal double-stranded DNA (dsDNA) ends,
but remain bound to the PAM-proximal end after
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cleavage of the target DNA (Singh et al., 2018; Stroh‐
kendl et al., 2018; Zhang SQ et al., 2020). This
asymmetric release of two DNA ends of a DSB is
expected to have differential impacts on Cas12a-
and SaCas9-induced DSB repair and genome editing.

3 Determinants of target binding and target
residence of Cas9-sgRNA

Structural comparison between apo-Cas9 un‐
bound with sgRNA and Cas9 in complex with sgRNA
reveals the autoinhibited state of apo-Cas9 and the
shift to an active Cas9 conformation competent for
target search (Sternberg et al., 2014). The sequence
and structure of sgRNA for the Cas9 partner are con‐
served, except for the spacer segment, and predeter‐
mine the binding between Cas9 and sgRNA. After the
formation of a stable Cas9-sgRNA effector complex,
Cas9-sgRNA searches through the genome for the
PAM, but it is the spacer of sgRNA that identifies the
target for Cas9 and promotes the formation of a stable
Cas9-sgRNA-DNA complex (Anders et al., 2014;
Jiang and Doudna, 2017). Within this complex, target
binding of Cas9-sgRNA is intrinsically supported by
the interaction between the PI domain and the PAM,
the base pairing between the spacer of the sgRNA and
the target strand of DNA, and non-specific interac‐
tions between Cas9 and both the target and non-target
DNA strands. The efficiency and accuracy of CRISPR/
Cas9 genome editing are influenced by these interac‐
tions, which can be engineered to generate novel
Cas9 variants with improved target specificity and ex‐
panded PAM compatibility (Kleinstiver et al., 2015a,
2015b; Hu et al., 2018).

3.1 Interaction between the PI domain and the
PAM

Cas9-sgRNA randomly slides through the ge‐
nome to search for PAM sites (Sternberg et al., 2014).
SpCas9 recognizes a canonical 5'-NGG-3' PAM se‐
quence by two conserved arginine residues (R1333
and R1335) in the PI domain forming major groove
interaction with the GG dinucleotide in the non-target
strand (Fig. 1) (Anders et al., 2014). Additional Cas9
interactions with the minor groove of the PAM duplex
are also induced to help unwind the DNA target. PAM
recognition by the PI domain of Cas9 allows the

unwinding and interrogation of flanking DNA to
match the target strand with the spacer of the sgRNA
and, if perfectly or near-perfectly matched, form a sta‐
ble R-loop structure (Anders et al., 2014; Jiang and
Doudna, 2017). This model of PAM search is also ap‐
plicable to other CRISPR/Cas systems (Jeon et al.,
2018; Singh et al., 2018; Strohkendl et al., 2018). Be‐
cause PAM recognition is a critical prerequisite for
Cas9 target binding and Cas9-mediated DNA cleav‐
age, expanding PAM compatibility is necessary to
broaden the targeting range for the application of
CRISPR/Cas9 genome editing. The PAM spectrum
has been expanded by computational engineering of
key residues that directly contact or help contact the
GG dinucleotide (Kleinstiver et al., 2015a, 2015b), or
by artificially accelerated protein evolution (Hu et al.,
2018). These modifications may however attenuate
the nuclease activity and binding affinity of Cas9 vari‐
ants (Bolukbasi et al., 2015; Kleinstiver et al., 2015a,
2015b; Hu et al., 2018).

3.2 Base pairing between the spacer of sgRNA
and the target strand

Upon recognition of a PAM sequence, directional
unwinding of the adjacent protospacer allows the
concomitant hybridization of the 20-nt sgRNA spacer
to the target strand and the displacement of the non-
target strand, forming an R-loop structure (Szczelkun
et al., 2014). The 10‒12 bp PAM-proximal seed region
of the protospacer is the earliest to unwind and
determines the target binding specificity (Cong et al.,
2013; Sternberg et al., 2014; Jiang and Doudna,
2017). The R-loop structure, with full complementarity
of the seed sequences between the sgRNA spacer and
the target strand of the protospacer, leads to conforma‐
tional change in Cas9 that triggers concerted cleavage
of the target and non-target strands (Sternberg et al.,
2015; Zhu et al., 2019). Mismatches between the seed
sequence of the sgRNA spacer and that of the target
strand may inhibit progression of full R-loop forma‐
tion with the entire spacer sequence annealed to the
target, thus dramatically reducing or even abolishing
the target binding affinity and cleavage activity of
Cas9-sgRNA (Hsu et al., 2014; Doench et al., 2016;
Boyle et al., 2017; Kim et al., 2019). Mismatches are
more tolerated outside the seed region (Hsu et al.,
2014; Doench et al., 2016; Boyle et al., 2017; Kim
et al., 2019). However, while the PAM-proximal

76



J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2021 22(1):73-86 |

seed region determines the formation of the Cas9-
sgRNA-DNA complex, the dissociation of the complex
may be controlled primarily by the PAM-distal region
(Boyle et al., 2017; Zhang Q et al., 2019).

Considering the contribution of the base pairing
between the spacer of the sgRNA and the target
strand to the stability of the Cas9-sgRNA-DNA com‐
plex, we expect that a shorter spacer would reduce
the target binding affinity of Cas9-sgRNA, thereby
lowering the specificity of Cas9 to its target. Para‐
doxically, compared to a 20-nt spacer, extension of
the spacer sequence does not improve Cas9 target
specificity, but truncated sgRNA, with a shorter spacer
of 17‒19 nt, minimizes off-target effects without
greatly affecting the on-target activity of Cas9-sgRNA
(Fu et al., 2014). This suggests that a 20-nt spacer
may already provide excess affinity for target bind‐
ing of Cas9-sgRNA and the activation of the Cas9
endonuclease.

3.3 Non-specific interactions between Cas9 and
target DNA

The contacts between Cas9 and target DNA are
non-specific, but add an additional layer of regulation
of the stability and activity of the Cas9-sgRNA-DNA
complex. For Cas9 to perform different functions
such as target recognition, R-loop formation, catalytic
reactions in DNA cleavage and target dissociation, the
Cas9-sgRNA-DNA complex adopts several conforma‐
tional states, each requiring different Cas9-DNA con‐
tacts for their respective functions (Sternberg et al.,
2015; Jiang and Doudna, 2017; Zhu et al., 2019).
Target binding of Cas9-sgRNA leads to an early pre-
catalytic conformational change with opening of the
central channel in Cas9. The central channel accom‐
modates the newly formed R-loop structure with the
interactions between the REC3 domain of the REC
lobe and the PAM-distal end of the target strand
(Anders et al., 2014). In another pre-catalytic state
of conformation, the negatively charged non-target
strand is stabilized in a positively charged groove
formed between the HNH, RuvC-like and PI domains
of Cas9 via extensive hydrogen bonds and electrostatic
attractions (Fig. 1) (Nishimasu et al., 2014; Zhu et al.,
2019). Neutralization of the positively charged resi‐
dues or disruption of hydrogen bonds reduces non-
specific DNA binding energy, generating Cas9 vari‐
ants that retain efficient nuclease activity, but with

weaker off-target effects (Slaymaker et al., 2016;
Chen et al., 2017; Casini et al., 2018). In addition,
structural studies have revealed direct hydrogen
bonds and hydrophobic interactions between Cas9
and the backbone of the target strand (Anders et al.,
2014; Nishimasu et al., 2014). These contacts have
been modified to reduce the off-target activity of
Cas9-sgRNA (Kleinstiver et al., 2016). Upon DNA
cleavage, the HNH domain of Cas9 is shifted into a
catalytically competent conformation in which the
side chains of several key residues such as D839,
H840, and N863 can form hydrogen bonds with the
target strand (Zhu et al., 2019). Even in a post-catalytic
conformational state, several interactions, including
those between REC3 and the RNA-DNA hybrid, per‐
sist from the preceding conformation. The interac‐
tions between REC3 and the RNA-DNA hybrid assist
HNH nuclease activation and can also be exploited to
improve Cas9 specificity (Chen et al., 2017). Strong
interactions exhibited within the post-catalytic con‐
formation suggest tight binding of Cas9-sgRNA to
cleaved DNA and a long residence time of Cas9 at the
DSB even after DNA scission (Zhu et al., 2019). As
dCas9 does not cleave target DNA due to inactivation
of its nuclease activity, dCas9 may not adopt a post-
catalytic conformational change mimicking that of
Cas9, and its dissociation from target DNA may not
be the same as that of Cas9.

3.4 External effectors

In eukaryotes, DNA targets for CRISPR ge‐
nome editing are assembled into the chromatin struc‐
ture, in which genomic DNA wraps around “core”
histone octamers to form nucleosomes and is further
packaged into a more compact unit (Fig. 1). This
poses a serious obstacle for Cas9 target search and
binding (Verkuijl and Rots, 2019). In fact, the Cas9
activity is dramatically inhibited when a DNA target
site is positioned within the nucleosome core, but
not affected if the binding site is located in a linker
DNA region (Hinz et al., 2015). However, once the
Cas9-sgRNA-DNA complex is formed, it is unclear
whether the local chromatin context, including nu‐
cleosome position, histone modifications, and chro‐
matin structure, influences the stability of the Cas9-
sgRNA-DNA complex and thus the activity of Cas9.
As chromatin is inherently dynamic and highly mal‐
leable, the influence of the local chromatin context,
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if present, would not be static (Isaac et al., 2016;
Verkuijl and Rots, 2019).

Cas9 bound to target DNA persists for an ex‐
tended time and, therefore, creates a window in
which it can be challenged by local DNA metabo‐
lism, including DNA replication, transcription, and
recombination, in addition to local chromatin activity.
On the one hand, molecular motor proteins in DNA
metabolism and chromatin activity are capable of gen‐
erating mechanical forces on target DNA and altering
DNA topology (Bustamante et al., 2003). Recent
studies have shown that mechanical perturbations,
such as DNA torsion and DNA stretching, affect R-
loop stability and Cas9 cleavage specificity (Szc‐
zelkun et al., 2014; Newton et al., 2019; Ivanov et al.,
2020). An in vitro study has shown that a Bloom syn‐
drome helicase (BLM) downstream of a PAM dis‐
places dCas9 from its target more easily than a BLM
from the upstream side of a PAM (Zhang Q et al.,
2019). Therefore, by applying mechanical forces on

target DNA, local DNA metabolism and chromatin
activity may alter base pairing within the RNA-DNA
hybrid and interactions of Cas9 with the PAM and
target DNA, destabilizing the Cas9-sgRNA-DNA
complex and even dislodging Cas9 from its target. On
the other hand, in addition to generating DNA torsion
or stretching, replication fork or transcription ma‐
chinery may directly collide with Cas9-sgRNA (Qi
et al., 2013; Jones et al., 2017; Clarke et al., 2018).
Coordination between hexameric helicases and DNA
polymerases in eukaryotic DNA replication may lead
to an extremely powerful collision with Cas9-sgRNA
from both directions (Patel et al., 2011). However, the
collision force alone may not be sufficient to dissociate
Cas9 from its target, as the bacteriophage Phi29 DNA
polymerase (DNAP) and T7 RNA polymerase (RNAP)
dislodge dCas9 from its target in a strand-biased manner
in vitro (Clarke et al., 2018; Zhang Q et al., 2019). It is
possible that the unwinding of the RNA-DNA hybrid
by RNAP or DNAP after collision may be required

Fig. 1 Targeted binding of Cas9 to genomic DNA in the context of chromatin. Cas9 undergoes a
conformational change in complex with sgRNA and binds a genomic target in the context of chromatin via
several interactions, including the interaction of the PI domain of Cas9 with the PAM sequence of the
target, the 20-nt Watson-Crick base pairing between the sgRNA spacer and the target strand, and non-
specific interactions between Cas9 and target DNA. Two arginine residues (R1333 and R1335) in the PI
domain directly contact the conserved GG dinucleotide in the PAM sequence. Epigenetic modifications,
such as histone acetylation, histone methylation, and DNA methylation, affect Cas9-sgRNA targeting to
DNA. Cas9: clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 9;
NUC: the nuclease lobe; REC: the recognition lobe; PAM: protospacer adjacent motif; PI: PAM-
interacting; sgRNA: single-guicle RNA.
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to assist in the process of dislodging Cas9 or dCas9
from the DNA target.

4 Effect of CRISPR/Cas9 target binding and
residence on genome editing

CRISPR offers an opportunity to modify ge‐
nomes both genetically and epigenetically in a manner
more precise and more efficient than ever before.
While a CRISPR/Cas9-induced site-specific DSB at a
target leads to the desired genetic edit in the genome
among repair products, dCas9-based platforms have
been developed for genomic imaging, transcription
regulation, epigenetic modification, and base editing
(Wang et al., 2016; Rees and Liu, 2018). To advance
the applications of CRISPR systems, the precision and
efficiency of these Cas9-based tools have also been
improved by modifying either the Cas9 protein or the
sgRNA scaffold (Kim et al., 2019). In fact, Cas9 and
sgRNA have been optimized by various methods to
increase the efficiency of genome editing or minimize
off-target effects while retaining robust on-target ac‐
tivity (Kim et al., 2019). As the target binding affinity
of Cas9-sgRNA is thought to be excessive for activat‐
ing cleavage of target DNA, one key idea is to weaken
the binding affinity of Cas9-sgRNA to reduce off-
target effects (Fu et al., 2014; Kim et al., 2019). Given
that tight binding and a long residence time at a target
appear to affect the functionality of Cas9-sgRNA, we
can also broaden the applications of CRISPR by en‐
hancing the target binding of Cas9-sgRNA.

4.1 dCas9-based applications

By altering the sequence of the spacer, sgRNA
can easily target the Cas9 nuclease to new sites for ge‐
nome editing in a site-specific manner. This leads to
the idea of using dCas9-sgRNA to recruit additional
effectors to genomic sites for sequence-specific DNA
or chromatin imaging or modification (Wang et al.,
2016; Rees and Liu, 2018). Both dCas9 and sgRNA
can be modified and turned into a scaffold to recruit
transcriptional activators and repressors for site-
specific transcriptional regulation (Gilbert et al., 2013;
Perez-Pinera et al., 2013). Similarly, by fusing to
dCas9, epigenetic modifiers can also be recruited to
a given site to edit chromatin and reshape the epi‐
genome at the relevant locus (Hilton et al., 2015;

Kearns et al., 2015). In addition, the ability to visualize
sequence-specific genomic segments in living cells is
important for tracking the dynamics of the genome
and identifying the functions of specific genomic ar‐
chitecture within cells. Thus, after dCas9-based imag‐
ing using dCas9-green fluorescent protein (GFP)
fusion proteins was developed to label endogenous
genomic loci (Chen et al., 2013), this strategy was
further modified and improved to expand the applica‐
tions, such as for studying the Cas9 target search in
living cells in real time and tracking the dynamics of
multiple genomic loci simultaneously (Knight et al.,
2015; Ma et al., 2015). Another important dCas9-
based genome editing platform is base editors that, by
fusing dCas9 or Cas9 D10A nickase (nCas9) with a
nucleobase deaminase, such as the cytidine deami‐
nase APOBEC3 and the adenosine deaminase TadA,
can directly convert one base into another, inducing
point mutations in both dividing and non-dividing
cells without DSB induction (Komor et al., 2016;
Gaudelli et al., 2017; Rees and Liu, 2018).

In principle, the persistent binding of dCas9-
sgRNA to its target determines not only the target
specificity of the effectors recruited by dCas9-sgRNA,
but also the duration of their action at the target.
Therefore, strategies reducing excess contacts between
Cas9-sgRNA and DNA, although increasing the speci‐
ficity, should not be applied to dCas9-based plat‐
forms. Instead, to increase the efficiency of dCas9-
based tools, dCas9-sgRNA should be modified to
strengthen the binding and retention of dCas9 at its
target, improving the efficiency of dCas9-based appli‐
cations. It has been shown that dCas9-sgRNA can be
used to physically block RNAP-promoter binding and
RNAP translocation during transcription, mainly by
tight target binding and robust retention at a given
site, thus inhibiting gene expression (Qi et al., 2013;
Clarke et al., 2018). However, it appears that trans‐
locating RNAP can remove sgRNA annealed to the
transcription template strand more easily than sgRNA
annealed to the transcription non-template strand (Qi
et al., 2013; Clarke et al., 2018). As a result, tran‐
scription blockage by dCas9-sgRNA exhibits a strand-
biased effect. In addition, sgRNA has been recon‐
structed to improve the stability of a dCas9-sgRNA
complex conjugated with fluorescent proteins and to
provide brighter and sharper fluorescence signals for
site-specific genomic imaging in living cells (Chen
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et al., 2013). It is possible that this optimized dCas9-
sgRNA binds its target better than the original. Re‐
cently, the ssDNA-binding domain of Rad51 was
fused to various base editors to improve the binding
affinity to the target DNA, especially the non-target
strand, and possibly prolong the residence of base edi‐
tors at their targets (Zhang XH et al., 2020). These re-
engineered base editors exhibit enhanced efficiency
and a widened range for base editing. The scope of
dCas9-based applications could be expanded by fur‐
ther efforts to engineer or evolve a Cas9 variant with
a stronger binding affinity, or with longer residence at
its target.

4.2 Choice of repair pathway

Normally, Ku70/Ku80, Mre11/Rad50/NBS1, or
RPA is recruited to DNA ends upon a DSB and activates
three major phosphatidylinositol 3-kinase-related kinases
(PI3KKs) including DNA-PKcs, ataxia telangiectasia-
mutated (ATM), and ATM and Rad3-related (ATR)
(Ciccia and Elledge, 2010; Blackford and Jackson,
2017). Activation of these three kinases initiates the
DDR kinase signaling cascades to coordinate with
cell cycle checkpoints and cell death to ensure proper
repair of DSBs, maintaining genome integrity (Ciccia
and Elledge, 2010; Blackford and Jackson, 2017).
However, Cas9-sgRNA remains tightly bound to the
cleaved target for a period of time after DNA cleavage
(Sternberg et al., 2014; Richardson et al., 2016). Struc‐
tural studies have revealed persistent base pairing be‐
tween sgRNA and the target strand of DNA, and per‐
sistent interactions between Cas9 and target DNA
within the post-catalytic conformational state of Cas9-
sgRNA bound with the cleaved DNA (Sternberg et al.,
2014; Jiang and Doudna, 2017; Zhu et al., 2019). It
has been shown that chromatin perturbations are suf‐
ficient to induce ATM kinase activation and ATM-
dependent cell cycle checkpoints in the absence of
DSBs (Bakkenist and Kastan, 2015). If a post-catalytic
conformational change perturbs local chromatin, ATM
might be activated, preparing for exposure of DSBs
from the Cas9-sgRNA-DNA complex. In addition, the
non-target strand within the post-catalytic Cas9-sgRNA-
DNA complex appears freed from the Cas9-sgRNA
complex upon nicking by the RuvC-like domain of
Cas9. It is yet to be determined whether this non-target
strand can recruit RPA and ATR and initiate some
degree of DDR (Sternberg et al., 2014; Richardson

et al., 2016). Nevertheless, without clear DSB expo‐
sure, it is conceivable that the DDR machinery would
not recognize or start to repair DSBs buried within
the Cas9-sgRNA-DNA complex, and the DNA dam‐
age checkpoint response, including the p53-mediated
checkpoint, would not be triggered (Zhang YX et al.,
2019). Indeed, time-course analyses of genome edit‐
ing via direct Cas9-sgRNA ribonucleoprotein (RNP)
delivery demonstrated that it takes about 20 h to
complete repair of Cas9-induced DSBs in mammalian
cells (Kim et al., 2014).

After Cas9-induced DNA cleavage, a gradual
conformation change is observed by structural studies,
but the mechanism underlying dissociation of Cas9-
sgRNA from cleaved DNA has not been elucidated
(Sternberg et al., 2014; Jiang and Doudna, 2017; Zhu
et al., 2019). However, due to the difference in target
binding affinity and residence duration as well as in
the molecular activity near the Cas9-sgRNA-DNA
complex, Cas9-sgRNA bound to its target could be re‐
leased from the cleaved DNA product in at least two
different ways: spontaneous dissociation, in which
Cas9-sgRNA is freely dissociated from its target, or
passive dissociation, in which Cas9-sgRNA is re‐
leased from its target by forces imposed by DNA or
chromatin metabolism, including DNA replication,
transcription, and chromatin remodeling (Fig. 2).
These two forms of dissociation generate different end
configurations and can be influenced by the cell cycle
stage, which is a primary determinant of DSB repair
pathway choice. It is likely that the choice of repair
pathway differs for Cas9-induced DSBs exposed by
different dissociations. If Cas9-sgRNA is released from
the cleaved DNA spontaneously, the exposed DSBs
present two clean ends, which are recognized and
bound easily by Ku70/Ku80 or Mre11/Rad50/NBS1
(Blackford and Jackson, 2017; Ciccia and Elledge,
2010). Ku70/Ku80 promotes c-NHEJ and Mre11/
Rad50/NBS1 may facilitate the processing of the ends
for either HDR or a-NHEJ (Lieber, 2010; Jasin and
Rothstein, 2013). However, if Cas9 is passively dissoci‐
ated, the ends may be unfavorable for binding of core
NHEJ factors such as Ku70/Ku80 and XRCC4/DNA
ligase 4.

Replication-coupled dissociation of Cas9-sgRNA
from cleaved DNA is restricted to the S phase of the
cell cycle in which HDR is a preferred pathway for
DSB repair. Once a replication fork collides with
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Cas9-sgRNA bound to DNA, the collision may re‐
lease the Cas9-sgRNA from the cleaved target, col‐
lapsing the fork and resulting in three-ended DSBs:
a blunt end of a sister chromatid at the leading
strand, a staggered end of the other sister chromatid
with a long 3'-ssDNA overhang at the lagging strand,
and a blunt end away from the colliding replication
fork (Fig. 2). The three-ended DSBs provide an op‐
portunity for the DNA ends of two sister chromatids
to rejoin, creating a giant palindromic chromosome
(Tanaka and Yao, 2009). Due to the special configura‐
tion of the three-ended DSB structure and the cell cy‐
cle stage in which it occurs, the choices between
HDR and NHEJ, and even between different DSB re‐
pair sub-pathways, are dictated not only by repair fac‐
tors recognizing different end configurations, but also
by a cell cycle-dependent decision (Scully et al.,
2019). For example, it is unlikely that the staggered
end with a long 3'-ssDNA overhang can readily en‐
gage c-NHEJ factors such as Ku70/Ku80 for c-NHEJ
repair, whereas HDR may be preferentially promoted
by availability of sister chromatids. In vitro study has
indicated that Cas9-sgRNA bound with the cleaved
target prevents access of Ku70/Ku80 to DNA ends
(Clarke et al., 2018).

Translocating RNAP in transcription can dis‐
lodge Cas9-sgRNA from the cleaved DNA upon col‐
lision, but may form a DNA end containing nascent
messenger RNA (mRNA)-DNA heteroduplex and a non-
template single DNA strand (Fig. 2). The RNA-DNA hy‐
brid itself can function as a platform to recruit repair

factors, such as excision repair cross-complementing gene
6 (ERCC6), breast cancer type 1 susceptibility protein
(BRCA1) and Rad52 (Ouyang et al., 2017; Puget
et al., 2019). Otherwise, nascent mRNA at the end is ei‐
ther released spontaneously or removed by RNase
H1 to allow recognition by DDR factors and repair
pathway choice. As transcription-active regions may
prefer HDR for DSB repair, it is important to discover
how Cas9-induced DSBs exposed by transcription are
repaired. Unlike DNA replication and transcription,
chromatin remodeling releases Cas9-sgRNA from
cleaved DNA possibly by applying forces through
DNA torsion and stretching to destabilize the Cas9-
sgRNA-DNA complex context (Verkuijl and Rots,
2019). This generates relatively clean DNA ends of
Cas9-induced DSBs for repair (Feng et al., 2017).
Without the effect of end configuration, chromatin re‐
modeling may influence DSB repair pathway choice
by modifying the local chromatin context (Feng et al.,
2016, 2017; Verkuijl and Rots, 2019).

Cas9 residence at targeted DNA affects Cas9-
sgRNA dissociation from a cleaved target and influ‐
ences the choice of repair pathway for Cas9-induced
DSBs at a given site. Changes in target binding affinity
and residence duration could thus alter the choice of
repair pathway at a specific target or between differ‐
ent targets, introducing significant variation into
Cas9-mediated genome editing and generating highly
heterogeneous mutational profiles, which are diffi‐
cult to predict, even with big data analysis or deep
machine learning (Abadi et al., 2017; Chuai et al.,

Fig. 2 Distinct end configurations generated by different forms of Cas9-sgRNA dissociation from cleaved DNA.
Spontaneous release of Cas9-sgRNA from a cleaved target generates a conventional two-ended DSB that can be di‐
rectly recognized by core NHEJ factors. Persistent Cas9-sgRNA target binding increases the probability of encoun‐
tering local DNA replication or transcription. Collision with a replication fork may generate a DSB with three
ends: a blunt end at the leading strand, a 3'-overhanging end at the lagging strand, and a blunt end away from the
replication fork. Transcription may also dislodge Cas9-sgRNA from the cleaved target site, forming a potentially
unique end configuration. Cas9: clustered regularly interspaced short palindromic repeats (CRISPR) -associated
protein 9; DNA-PKcs: DNA-dependent protein kinase catalytic subunit; DSB: double-strand break; NHEJ: non-
homologous end joining; PAM: protospacer adjacent motif; RNAP: RNA polymerase; sgRNA: single-guide RNA.
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2018). Therefore, it is important to identify the fac‐
tors involved in repair of Cas9-induced replication-
or transcription-coupled DSBs and elucidate the un‐
derlying repair mechanisms. This will help identify
and control deleterious repair events in applications
of CRISPR/Cas9 genome editing.

4.3 Off-target effects

Prominent off-target effects are a serious prob‐
lem in CRISPR genome editing and have greatly limited
clinical use of this technology (Kim et al., 2019). Off-
target cuts occur because Cas9 is recruited to sites
that are not perfectly matched with the spacer seg‐
ment of sgRNA, but which can still be annealed by
sgRNA to generate the R-loop structure and activate
DNA cleavage mediated by the complexed Cas9 nu‐
clease (Jiang and Doudna, 2017; Rees and Liu, 2018;
Kim et al., 2019). However, at off-target sites, a sin‐
gle mismatch or multiple mismatches alter the base
pairing between the sgRNA and off-target DNA, often
reducing the binding affinity and residence duration of
Cas9-sgRNA at the off-target sites (Bisaria et al., 2017;
Kim et al., 2019). Thus, Cas9-sgRNA at off-target sites
is more easily dissociated from the cleaved DNA and
is less likely to encounter local DNA replication, tran‐
scription, or chromatin remodeling. As a result, com‐
pared to on-target sites, spontaneous dissociation of
Cas9-sgRNA from cleaved DNA at off-target sites is
more frequent and generates more ends suitable for
engaging c-NHEJ, which is mostly accurate for repair
of Cas9-induced DSBs. Combined with the possibility
that DNA re-cleavage is rare at off-target sites, inhibi‐
tion of c-NHEJ, which is widely used for improving
CRISPR/Cas9-mediated HDR-based knock-in and gene
correction (Chu et al., 2015; Maruyama et al., 2015;
Yeh et al., 2019), could generate more mutagenic
NHEJ events at off-target sites, causing stronger off-
target effects. Therefore, when a chemical or genetic
approach is used to increase the efficiency of genome
editing at a given target in cells or organisms, off-target
effects may be exacerbated and should be taken into
account for evaluating the efficacy of the improve‐
ment approach.

Tight target binding of Cas9-sgRNA is generally
required for efficient DNA cleavage, which is later
transformed into efficient genome editing, but at the
same time yields a high risk of off-target effects
(Bisaria et al., 2017; Kim et al., 2019). At some sites,

this tight binding is excessive, providing an opportunity
for minimizing off-target effects while retaining ro‐
bust on-target activity. Strategies include truncating
the 20-nt spacer of sgRNA to 17‒18 nt and mutating
the Cas9 residues that are important for non-specific
interactions of Cas9 with the non-target strand of
DNA and the RNA-DNA hybrid, and have been suc‐
cessfully tested to remove the excessive binding and
improve the specificity of the modified Cas9-sgRNA
(Fu et al., 2014). In addition, paired Cas9 nickases
have been used as a strategy to minimize off-target ef‐
fects in CRISPR/Cas9 genome editing because the
probability of off-target double-nicking is almost zero
and DNA nicks at off-target sites can be readily and
precisely repaired (Ran et al., 2013). Once Cas9-
sgRNA variants are generated with a stronger target
binding affinity or longer target residence to open up
new applications for dCas9- or nCas9-based platforms,
these strategies that minimize off-target effects have
to be reassessed for altered repair pathway choices or
different off-target genetic and epigenetic editing con‐
sequences. This may yield a new opportunity for cre‐
ating Cas9-sgRNA variants that not only bind their
targets more tightly and for a longer time, but also
have minimal off-target effects.

5 Concluding remarks

CRISPR/Cas9 genome editing technology is
powerful and revolutionary but still needs more effi‐
ciency, less off-target activity, and broader application
to fulfill its tremendous promise in precision medicine.
As Cas9-sgRNA binds DNA tightly and remains
bound to its target for a period of time even after DNA
cleavage, one key issue that is often ignored in CRISPR/
Cas9 development is the possible effects of target
binding and residence time on the efficiency and speci‐
ficity of CRISPR/Cas9 genome editing. In particular,
the binding affinity and the post-cleavage residence of
Cas9-sgRNA vary among different sites, including on-
target and off-target sites, or even at a given site due to
local DNA and chromatin activity. This may thereby
influence repair pathway choice for Cas9-induced DSBs,
resulting in significant variation in mutational profiles
of CRISPR/Cas9 genome editing. Due to variable target
binding and residence, Cas9-sgRNA is released from
the cleaved DNA either spontaneously or by forces

82



J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2021 22(1):73-86 |

imposed by DNA replication, transcription, and chroma‐
tin remodeling. We propose that different forms of
Cas9-sgRNA dissociation from the cleaved DNA
may expose Cas9-induced DSBs with different
end configurations, thus modulating repair pathway
choice for Cas9-induced DSBs at a given site or
among different sites. On the other hand, the efficiency
of Cas9-based platforms relies partly on tight and per‐
sistent binding of dCas9-sgRNA to its target. To improve
the efficiency of dCas9-based applications including
genomic imaging, transcription regulation, epigenetic
modification, and base editing, efforts should be made
to generate Cas9 or sgRNA variants with a stronger
target binding affinity or longer target residence. How‐
ever, a stronger binding affinity and longer residence
of Cas9-sgRNA at a target have potential to exacer‐
bate off-target effects, which limit therapeutic applica‐
tions of CRISPR/Cas9 for human health. Therefore,
the effect of Cas9-sgRNA residence on off-target
sites should also be considered in genome editing
assessments. Optimization of CRISPR/Cas9 is thus a
balancing act between improving target binding and
residence of Cas9-sgRNA for higher efficiency and
minimizing the off-target activity of Cas9-sgRNA.
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