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Clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9 (CRISPR/Cas9)-mediated gen-
ome engineering has become a standard procedure for
creating genetic and epigenetic changes of DNA molecules
in basic biology, biotechnology, and medicine. However,
its versatile applications have been hampered by its
overall low precise gene modification efficiency and
uncontrollable prolonged Cas9 activity. Therefore, over-
coming these problems could broaden the therapeutic use
of CRISPR/Cas9-based technologies. Here, we review small
molecules with the clinical potential to precisely modulate
CRISPR/Cas9-mediated genome-editing activity and dis-
cuss their mechanisms of action. Based on these data, we
suggest that direct-acting small molecules for Cas9 are
more suitable for precisely regulating Cas9 activity. These
findings provide useful information for the identification
of novel small-molecule enhancers and inhibitors of Cas9
and Cas9-associated endonucleases.
Keywords: CRISPR/Cas9; Genome editing; Small molecules;
Anti-CRISPR
Introduction
The RNA-guided CRISPR-mediated genome-editing technology, which is
based on RNA–DNA hybrid recognition, simplifies the protocols for manipu-
lating targeted DNA and has been rapidly developed and used in academia
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and industry.1 However, it took � 25 years from the discovery of the CRISPR
system to its first reported application in mammalian cell gene editing.2 This
biotechnology was not applied to genome editing when it was first discovered
in Escherichia coli.3 A key turning point came in 2005, when similar repeat
sequences were reported in different bacteria and archaea.4–6 CRISPR was found
to be a type of prokaryotic ‘adaptive immune’ system.7 Adaption, expression,
and interference are the three main stages of the CRISPR/Cas immune response.
In brief, a part of the target DNA, the protospacer, is cut by the complex of Cas
proteins after recognizing a specific motif, known as a protospacer-adjacent
motif (PAM), at the adaption stage. Then, the protospacer DNA is inserted into
the CRISPR array by the adaption complex, so that it acts as a spacer. At the
exception stage, CRISPR RNA (crRNA) is transcribed by the CRISPR array, fol-
lowed by recognition of the PAM sequence from invaded viruses or plasmids
by the crRNA at the interference stage. The recognized genome is then cleaved
and inactivated by Cas proteins.7–9

Currently, the CRISPR/Cas system is classified into two main classes and six
types.10 In particular, the easy-to-use class II type II-A ortholog that originates
from Streptococcus pyogenes (SpCas9) has become the most widely used species
owing to its simplicity and high working efficiency.1 In the CRISPR/Cas9 sys-
tem, Cas9 is the only endonuclease that is responsible for generating target
DNA double-strand breaks (DSBs). A hybrid noncoding
trans-activating crRNA (tracrRNA), including a crRNA and a tracrRNA, assists
Cas9 in targeted DNA recognition and Cas9:RNA:DNA complex assembly.11

The system was optimized by fusing the dual-tracrRNA:crRNA, into a single
guide RNA (sgRNA).12 Once the sgRNA with the locus-specific sequence and
the Cas9 protein are co-expressed in cells, they assemble into a complex that
recognizes the PAM sequence of the 30 end of the targeted gene and induces a
DSB (Fig. 1b).13 This triggers the DNA repair machinery, which includes two
main pathways, nonhomologous end joining (NHEJ) and homology-directed
repair (HDR) (Fig. 1d,e). When the error-prone NHEJ pathway is activated, inser-
tions and deletions (indels) can be easily induced owing to misalignment, thus
leading to frameshift mutations and gene disruptions. Alternatively, when the
complementary strands are repaired by the HDR pathway in the presence of a
donor DNA template, precise gene knock-in can be achieved (Fig. 1).14–15

Although versatile and robust use made CRISPR/Cas9 a shining nova in gen-
ome engineering, several problems limit its applications. For instance, the
CRISPR/Cas9-mediated precise gene modification efficiency is low in several
mammalian cells.16 Many studies have shown improvements in CRISPR/Cas9
editing efficiency by modifying its components, such as sgRNA modifications,
generation of Cas9 variants, and donor DNA modifications.17–22 Modified gRNA
increased the efficiency of CRISPR/Cas9 and improved the stability of Cas9:
RNA:DNA complex as well as reduced off-target effects.23–24 Cas9 variants
enhanced CRISPR/Cas9 activity by increasing the binding threshold to on-
target DNA.25–26 Cas9-based variants increased point mutation efficiency for
pathological gene correction.27–29 Using a single-stranded oligodeoxynucleotide
(ssODN) as the donor template was reported to improve HDR rates by reducing
the integration risk at the cleavage site in the genome.30 These studies made
great contributions to the development of CRISPR/Cas9. However, some
Cas9-based techniques, such as prime editing,29 also need matched delivery
approaches to enable the Cas9 complex to be expressed in the targets.29,31

Therefore, identification of novel small-molecule compounds to enhance
CRISPR/Cas9 activity appears to be a promising approach.

Low-molecular-weight compounds are also desirable for precise control of
CRISPR/Cas9 activity. The elevated levels associated with prolonged Cas9 activ-
ity can lead to adverse effects, such as off-target mutations, immune response,
chromosomal translocations, and genotoxicity.32 Although protein-based inhi-
bitors, such as anti-CRISPR (Acrs) derived from biophages, have been shown to
effectively block Cas9 activity by interfering ribonucleoprotein (RNP) assembly
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to substrate DNA binding,33–34 many obstacles, such as delivery
problems and inconsistent inhibitory effects in prokaryotes and
eukaryotes,33,35 limit the wide use of Acrs, Therefore, identifying
novel potent small-molecule inhibitors for CRISPR/Cas9 is also
expected to improve its use. In this review, we provide an over-
view of recently reported small molecules to regulate CRISPR/
Cas9 genome editing and their potential mechanisms. Addition-
ally, we highlight helpful information for novel small-molecule
Cas9 modulator identification.
Enhancing CRISPR/Cas9-mediated gene editing efficiency using
small molecules
Cell-permeable small molecules are promising approaches to
enhance CRISPR/Cas9 genome-editing efficiency (Table 1) owing
to their intrinsic properties, such as reversibility and low
immunogenicity. Furthermore, small molecules are easier to
store and produce on a commercial scale compared with the pro-
duction and purification of proteins.36
Enhancing CRISPR/Cas9-mediated HDR efficiency by cell
synchronization
The working mechanism of CRISPR/Cas9 genome editing is DSBs
repair pathway dependent. There are two dominant pathways for
DSBs repair: the classical NHEJ and HDR pathways.37 In mam-
malian cells, the NHEJ pathway is considered a default repair
pathway, which exists in all cell cycle stages.38 However, the
HDR pathway is restricted in the S and G2 phases, resulting from
the expression of HDR-related genes being upregulated as cells
transition from the G1 into the S phase.39 Several reports showed
that the increased activity of cell cycle-dependent kinase (CDK)
in the S phase activated signals related to the HDR pathway, such
as activating the DNA end resection process, which is the key sig-
nature for repair pathway choice.40–41 Therefore, the efficiency of
HDR-mediated precise modification by CRISPR/Cas9 could be
improved by arresting target cells at the S or G2 phase (Fig. 2).
Lin and colleagues used cell cycle inhibitors to synchronize tar-
get cells at the S and G2/M phages. The CRISPR/Cas9-mediated
HDR rate improved from �9% in unsynchronized HEK293T cells
to �20% with nocodazole treatment at the EMX1 locus using
ssODN donors.42 By contrast, mimosine, hydroxyurea and thy-
midine, which arrest cells at the G1–S border, inhibited the total
FIGURE 1
Enhancing clustered regularly interspaced short palindromic repeats/CRISPR-as
molecules based on main DNA repair pathways in mammalian cells. (a) Histo
mediated gene editing by improving target DNA accessibility via chromatin re
target DNA. (c) Binding of the Ku70-Ku80 heterodimer to DNA ends schedu
nonhomologous end joining (NHEJ) and homology-directed repair (HDR). Ataxia
Rad3-related kinase (ATR), which are activated by DNA damage, are responsibl
dependent protein kinase catalytic subunits (DNA-PKcs) are recruited to Ku70-
nuclease, polymerase (Pol) k and Pol m to form a short-range synapse and
complementing protein 4 (XRCC4)-DNA ligase IV (LIG4) complex with scaffoldi
(PAXX). (e) DNA end resection can be processed when the pro-NHEJ factor 53B
NBS1 complex (MRN), which is effectively activated by RBBP8 (also known as C
DNA end resection and generates long 30 single-stranded tails. Replication pr
followed by displacement of RPA with RAD51 with the help of recombinant ‘m
RAD51-ssDNA nucleoprotein searches and base pairs with donors by invading d
loop (D-loop) by displacement of the nonbase-paired strand of the invaded
synthesis according to the donor templates. Red symbols indicate inhibitors; g
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editing efficiency and HDR rate by up to � 50% in HEK293T
cells, which might be caused by the suppression of DNA end
resection in G1 in mammalian cells.43

ABT-751 is a cell cycle inhibitor that arrests cells at the G2/M
phase by inhibiting microtubule polymerization. It was reported
to enhance the HDR rate by 3.1-fold in human pluripotent stem
cell (hPSC) H1 cells. The enhancing effects of nocodazole on
HDR efficiency were confirmed by a 3.5-fold increase in H1
cells.44 Embryonic stem cells (ESCs) lack a G1 checkpoint, and
are hypersensitive to ionizing radiation (IR), which can cause
DNA damage.45 In mammalian cells, IR-induced DSBs can be
quickly repaired via the NHEJ pathway, which is abundant in
G1.46 The absence of a G1 checkpoint in H1 cells, as well as syn-
chronization of cells in the G2/M phase using cell cycle inhibi-
tors, might significantly increase the competitive activity of the
HDR pathway, resulting in improved CRISPR/Cas9-mediated
HDR efficiency. However, this approach can also be risky in
hPSCs because unrepaired DNA can be directly transmitted to
the S phase and the damage can be amplified by rounds of
replication.47

XL413, a cell division cycle 7-related protein kinase (CDC7)
inhibitor, was found to significantly increase HDR efficiency in
multiple cell lines with diverse targets by producing transient cell
cycle arrest.48 CDC7 was identified as a CRISPR/Cas9-induced
HDR efficiency-related target by a CRISPR inhibition (CRISPRi)
pool using ssODN or double-stranded oligodeoxynucleotide
(dsODN) as donor templates.48–49 CDC7 is a serine-threonine
kinase that is activated by DBF4-depedent kinase (DDK). The
CDC7/DDK complex phosphorylates the minichromosome
maintenance (MCM) protein complex to initiate the G1–S tran-
sition.50 XL413 was able to reversibly block MCM phosphoryla-
tion and arrest cells in early S phase.51 Treatment with XL413
immediately after nucleofection for 24 h resulted in synchroniz-
ing cells in the S phase, which might increase the HDR events
that are restricted in the S/G2/M phases.48 XL413 increased EBFP
and EGFP conversion efficiency by 1.4- and 1.8-fold, respectively,
in K562 cells with different donors. Furthermore, XL413
improved the HDR efficiency at the LAMP1, FBL, HIST1H2BJ,
NPM1, SMC1A, FUS, and TOMM20 loci, ranging from 1.6- to
3.5-fold in K562 cells. Additionally, XL413 enhanced HDR effi-
ciency at RAB11A, TUBA1B, and CLTA loci in primary T cells as
sociated protein 9 (CRISPR/Cas9)-mediated gene-editing efficiency by small
ne deacetylase (HDAC) inhibitors increase the efficiency of CRISPR/Cas9-
modeling. (b) Schematic of the Cas9:small guide (sg)RNA complex cleaving
les double-strand breaks (DSBs) repair by two primary repair pathways:
telangiectasia mutated protein (ATM) and ataxia telangiectasia mutated and
e for the phosphorylation of downstream factors. (d) Phosphorylated DNA-
Ku80 and form a long-range synapse. DNA ends are processed by Artemis
ensure the compatibility of the ligated ends by the X-ray repair cross-

ng assistance from XRCC4-like factor (XLF) and paralog of XRCC4 and XLF
P1 is blocked by i53 (peptide). Endonuclease activity of the MRE11–RAD50–
tBP)-interacting protein (CtIP), together with exonuclease 1 (EXO1), enables
otein A (RPA) binds to the 30 tail to avoid single-stranded DNA annealing
ediators’, such as breast cancer type 2 susceptibility protein (BRCA2). The
uplex DNA. Sufficient base pairing requires the formation of a displacement
molecules. The precise genetic changes can be integrated by new strand
reen arrows indicate agonists.
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FIGURE 2
Enhancing the clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9)-mediated homology-directed repair
(HDR) efficiency by regulating the cell cycle using small molecules.
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well as decreasing the NHEJ efficiency, suggesting that XL413
improved the frequency of CRISPR/Cas9-induced HDR by shift-
ing the ratio between NHEJ and HDR rather than enhancing
the overall editing outcomes.48
Enhancing CRISPR/Cas9-mediated HDR efficiency by modifying
chromatin status at target loci
Target DSB accessibility, which mainly depends on chromatin
status, is the first step for effective DNA repair, which allows
the repair pathway-related proteins to bind.37 The key role of
DNA accessibility in regulating CRISPR/Cas9 activities was con-
firmed by facilitating the chromatin status using histone deacety-
lase (HDAC) inhibitors and computational analysis.52–53

Chromatin compaction can be precisely modulated by histone
acetylation and deacetylation (Fig. 1a). Therefore, Liu and col-
leagues tested the effects of HDAC modulators, including HDAC
and histone acetyltransferase (HAT) inhibitors, on CRISPR/Cas9-
mediated genome editing. Among all the tested inhibitors, enti-
nostat, a HDAC1/2/3 inhibitor, and panobinostat, a nonspecific
HDAC inhibitor, dramatically increased EGFP gene-editing effi-
ciency in a dose-dependent manner in multiple cell lines. The
mutagenesis NHEJ and HDR rates increased � 2.3- and � 2.4-
fold, respectively with entinostat treatment and � 2.6-
and � 1.4-fold, respectively with panobinostat treatment in
HEK293TeO.KRAB cells. Furthermore, downregulation of the
expression of HDAC1 and HDAC2 using small interfering (si)
RNAs enhanced CRISPR/Cas9-mediated gene knockouts while
decreasing the target gene knockout frequency when downregu-
lating HDAC3 expression, suggesting the role of HDAC1 and/or
HDAC2 in facilitating chromatin remodeling. Additionally, chro-
matin immunoprecipitation (ChIP)-qPCR and micrococcal
nuclease (MNase)-qPCR data revealed that entinostat and
panobinostat introduced an open state of chromatin in the target
loci, which ultimately increased the target DNA accessibility.52

These results indicate that the overall CRISPR/Cas9-mediated
mutagenesis efficiency can be improved by chromatin decon-
densation. However, the decondensation of chromatin might
not favor the DSB repair through the HDR pathway.

Ataxia telangiectasia mutated protein (ATM), a serine-
threonine kinase, was reported as an early response to DSBs by
modulating chromatin decondensation and remodeling.37 Tri-
chostatin A (TSA), a selective HDAC class I/II inhibitor, can
rapidly induce the phosphorylation of ATM, indicating that
chromatin changes might result in activation of ATM.54–55

Therefore, the efficiency of CRISPR/Cas9-induced DSB repair
might also be improved by DNA end accessibility using chro-
www.drugdiscoverytoday.com 955
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FIGURE 3
Potential mechanisms of clustered regularly interspaced short palindromic repeats-associated protein 9 (Cas9) inhibitors. Nucleic acid inhibitors and peptide
inhibitors impede the guide (g)RNA-Cas9 surveillance assembly. Identified small-molecule inhibitors are DNA binding blockers, namely BRD0539 and
BRD3433.
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matin modifiers, such as TSA. Riesenberg and colleagues showed
that TSA increased targeted nucleotide substitution efficiency by
1.5–2.2-fold using ssODNs in inducible Cas9 nickase-expressing
human-induced PSCs (hiPSCs). However, no significant enhanc-
ing outcomes were observed in inducible Cas9-expression hiPSCs
after treatment with TSA.56 These data indicate that DNA acces-
sibility is essential for initiating effective DSB-induced repair.
However, the DNA repair pathway choice, which is mainly
decided by the structure of the DNA cutting ends, cannot be
obviously affected by chromatin status alteration. DNA lesions
with long single-stranded tails have lower Ku70-Ku80 binding
affinity, and favor the HDR pathway.57

Valproic acid (VPA), a HDAC class I/II inhibitor, was reported
to enhance the efficiency of CRISPR/Cas9-induced biallelic gen-
ome editing in human ESCs (hESCs) and hiPSCs by facilitating
chromatin refolding.58 The HDR rate increased � twofold with
VPA treatment in the AAVS1 locus. ChIP-qPCR data showed that
the acetylation levels of H3K9, H3K27, and H4K16 were signifi-
cantly increased in the AAVS1 locus after treatment with VPA,
indicating its remodeling of targeted chromatin. The expression
levels of Cas9 and RAD51 were not upregulated with VPA treat-
ment. However, the recruitment levels of RAD51 were increased.
RAD51 is a key factor in the HDR pathway. The RAD51 complex
is responsible for replication protein A (RPA) displacement, D-
loop formation, and new strand synthesis in the presence of
donor templates (Fig. 1e).37 Breast cancer type 2 susceptibility
proteins 1/2 (BRCA1/BRCA2), which can be activated by ATM-
mediated phosphorylation, are important proteins that are
recruited by RAD51.59 These findings indicate that VPA also
enhances the efficiency of CRISPR/Cas9-induced biallelic gen-
ome editing by inducing phosphorylation of ATM. However, a
recent study showed that VPA destabilized SpCas9 in vitro and
in vivo by hyperthermia, which was independent of the HDAC
inhibitory function of VPA, therefore blocking the Cas9-
mediated genome-editing efficiency.60 A thermostability assay
showed that the Cas9 protein can be largely destabilized at
43 �C without VPA treatment.61 The efficient destabilization of
Cas9 using VPA in cells requires a temperature of 39.5 �C, which
might limit its further clinical applications.
956 www.drugdiscoverytoday.com
Enhancing the CRISPR/Cas9 efficiency by inhibiting NHEJ-
dependent proteins
The NHEJ pathway is the predominant repair pathway in mam-
malian cells, not only because of the simpler repair process com-
pared with HDR, but also owing to its high working efficiency. It
took� 15min for RAD51, an HDR-dependent protein, to load to
the DSB ends and initiate novel strand synthesis, as shown for the
homologous donor in yeast.62 However, only a few minutes were
required for radiation-inducedDSBs via theNHEJ pathway.63 These
factors cause a bias toward the NHEJ pathway. Therefore, blocking
the activity of proteins that are crucial for the NHEJ pathway to
enhance the competing ability of HDR could be a promising strat-
egy for improvingHDR-mediated genome editing byCRISPR/Cas9.

DNA repair pathway selection is determined by DNA end
resection recognition.37 CRISPR/Cas9-induced blunt DSBs favor
heterodimer Ku70-Ku80 binding, which is the initiating step of
the NHEJ-pathway. Ku70-Ku80 then recruits DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) to form a long-
range synapse complex, followed by phosphorylation of DNA-
PKcs by itself and other effectors, such as ATM. The long-range
phosphorylated synapse can be reversibly transformed into a
short-range synapse complex by recruitment of DNA ligase IV
(LIG4) and other NHEJ-associated scaffolding factors, such as
XRCC4, which is important for the stability and function of
LIG4. The DSBs are repaired when the ligation has been com-
pleted (Fig. 1d).64

DSBs end resection has a decisive role in DNA repair pathway
selection. DSBs with long 30 single-stranded tails favor the HDR
pathway. However, CRISPR/Cas9-induced DSBs are blunt, which
prefer Ku70-Ku80 binding to start NHEJ repair. A pair of RNA-
guided Cas9 nickases65 or CRISPR/Cpf1 genome-editing systems
that induce staggered cuts enhanced the HDR rate, although
with a limitation on genome target scope.66

p53 binding protein 1 (53BP1) is a pro-NHEJ factor that blocks
DSBs ends resection (Fig. 1c).37 Therefore, inhibiting 53BP1 activ-
ity might favor DSBs to follow the HDR pathway. The stable
accumulation of 53BP1 at DNA lesions requires recognition of
binding with two histone modifications. The tandem Tudor
domain of 53BP1 constitutive binds to dimethylated histone 4
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TABLE 1

Small molecules enhancing CRISPR/Cas9-mediated genome editing.
a

Target Name Cell line Animal
model

Mechanism of action Refs

Cell cycle inhibitor Aphidicolin HEK293T, neoFB, H9-hESCs NA Arrests cells at G1/S phase 42

Nocodazole Arrests cells at G2/M phase
ABT-751 Human embryonic stem cell lines H1-WA01,

HUES8, H9-WA09, human diabetic iPSCs,
hPSC-derived neural progenitor cells

NA Arrests cells at G2/M phase 44

CDC7 inhibitor XL431 K562, primary human T cells, HSPCs,
HEK293T, U-251, HeLa, iPSCs

NA Arrests cells at S phase 48

PHA-767491 K562, HCT116 Undetermined
HDAC inhibitor Entinostat HeLa, HEK293, HT29 NA Regulates chromatin accessibility 52

Panobinostat
Trichostatin A hiPSCs NA Activates ATM-dependent DNA-damage

pathway

56

Valproic acid hESCs, hiPSCs NA Regulates chromatin remodeling and ATM
phosphorylation

58

53BP1 inhibitor i53 (peptide) U2OS, K562, HEK293T NA Inhibits binding of 53BP1 to DSBs and,
therefore, is harmful to NHEJ

69

Ku70/Ku80
heterodimer
inhibitor

STL127705 Undetermined 72

DNA-PKcs inhibitor NU7026 HEK293/TRL, hiPSCs NA Inhibits NHEJ-mediated repair by blocking
DNA-PK activity, responsible for initiating
NHEJ

56,77

NU7441 HEK293/TRL, hiPSCs Zebrafish 73,75–

76KU-0060648 HEK293/TRL NA
M3814 K562, 409B2 hiPSCs 78

DNA ligase III and IV
inhibitor

SCR7 HEK 293, A549, MelJuSo, DC2.4, mouse
zygote, zebrafish, rabbit embryos

Kell-
LPETG
mice,
zebrafish

Inhibits NHEJ-mediated repair pathway by
suppressing DNA ligase IV

86,88

Protein neddylation
inhibitor

MLN4924 iPSCs NA Inhibits neddylation of CtIP, improving
extent of DNA end resection at strand
breaks, promoting HDR

56

RPA70 dsDNA
binding inhibitor

NSC 15520 iPSCs NA Inhibits interaction between p53 or Rad9
and RPA70, which might increase
abundance of RPA and ultimately lead to
HDR

56

RAD51 agonist RS-1 HEK293A, U2OS, rabbit embryo, bovine
embryo

Rabbit Activates HDR-dependent protein, RAD51 87,89,94

b3-adrenergic
receptor agonist

L755507 Mouse ESCs, Hela, HUVECs, K562, CRL-2097,
neural stem cells, human iPSCs, porcine
fetal fibroblasts

NA Undetermined 95–96

Intracellular protein
transportation
inhibitor

Brefeldin A

Naturally occurring
phenolic
compound

Resveratrol Porcine fetal fibroblasts, primary porcine
cells

NA Regulates ATM/ATR-CHK1/CHK2-CDC25C
signaling, delaying mitotic entry

96

ATR inhibitor VE-822 hPSCs NA Undetermined 97

CHEK1 inhibitor AZD-7762
Enhancer of Cpf1

and crRNA
assembly

Compound 1
[quinazoline-
2,4(1H,3H)-
dione]

HEK293 NA Stabilizes binding of Cpf1 and crRNA 98

a Abbreviations: A549, human adenocarcinomic alveolar basal epithelial cells; CDC7, cell division cycle 7-related protein kinase; CRL-2097, human skin fibroblasts; DC2.4, murine dendritic cells;
H9-hESCs, H9 human embryonic stem cells; HCT116, human colon carcinoma cells; HEK 293T, human embryonic kidney 293 cells which expresses a mutant version of the SV40 large T antigen;
HEK293, human embryonic kidney 293 cells; HEK293A, selected subclone of HEK 293 with better production of adenovirus; HEK293TLR, HEK 293 cells stable expresses one or two Toll-like receptor
(TLR) and/or TLR-related genes; HeLa, human cervical cancer cells; HT29, human colon cell line. K562, human erythroleukemic cell line; MelJuSo, human melanoma cell line; NA, not available; neoFB,
human primary neonatal fibroblasts; RAD51, eukaryotic gene encoding RAD51 protein to assist DNA DSB repair; RPA70, replication protein A 70 kDa DNA-binding subunit; U-251, glioblastoma
tumor cells; U2OS, human bone osteosarcoma epithelial cells.
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on lysine 20 (H4K20Me2). A conserved ubiquitin-dependent
recruitment (UDR) motif, which is near the tandem Tudor
domain, binds to the ubiquitylated form of histone 2A on lysine
15 (H2AK15Ub), which is induced by DNA damage signaling.67

Inactivation of the tandem Tudor domain of 53BP1 by the
D1521R mutation significantly disrupted binding of 53BP1 to
DSBs, therefore harming the NHEJ pathway.68 Canny and col-
leagues identified a promising ubiquitin variant, i53, by screen-
ing a ubiquitin variant library. i53 blocked the binding of
53BP1 to H2AK15Ub at DSBs. The efficiency of CRISPR/Cas9-
www.drugdiscoverytoday.com 957
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mediated HDR increased by � 1.8-, 1.3-, 1.8- and 2.3-fold in
U2OS, K562, HEK293T cells and mouse embryo fibroblasts,
respectively.69 These data indicate that blocking the binding of
53BP1 to DSBs increases the competing ability of the HDR path-
way. However, more potent 53BP1 inhibitors with lower molec-
ular weight are expected in further studies.

The process of Ku70-Ku80 binding to the blunt DSBs or short
single-stranded tails initiates the NHEJ repair pathway (Fig. 1c).37

Ku70 or Ku80 deficiency causes profound sensitization to radia-
tion and chemotherapeutic responses, implying that impaired
binding of the Ku70-Ku80 heterodimer to DSBs disables the
entire NHEJ repair pathway.70 Moreover, knocking down the
expression of single Ku70 or Ku80 by siRNA effectively increased
the HDR editing events by �, while decreasing the NHEJ editing
events by � 1.5- to 1.8-fold in HEK293 ‘Traffic Light’ (TLR) repor-
ter cells. The HDR editing events were further increased
by � threefold by silencing both Ku70 and Ku80 expression.71

STL127705 was the first small-molecular-weight compound to
inhibit the binding of the Ku70-Ku80 heterodimer to DSBs ends
as well as the activation of DNA-PKcs. Weterings and colleagues
identified a putative binding pocket of the Ku70-Ku80 dimer by
analyzing the crystal structure of the Ku70-Ku80 heterodimer as
well as its binding form with DNA. The binding pocket is in the
central region of the Ku70-Ku80 dimer, which spans its interface.
STL127705 was found to block Ku70-Ku80 binding by occupying
the putative binding pocket of the Ku70-Ku80 heterodimer.72

However, whether STL127705 is capable of boosting the effi-
ciency of CRISPR/Cas9-induced HDR remains elusive.

The kinase activity of DNA-PKcs has a vital role in NHEJ initi-
ating steps (Fig. 1d). Downregulation of the expression of DNA-
PKcs increased HDR events by � 2.8-fold as well as decreasing
NHEJ events by � threefold.73 Furthermore, the DSB-induced
HDR efficiency was enhanced � two–threefold in catalytically
inactivated DNA-PKcs cells by introducing a lysine to arginine
mutation at position 3753 compared with DNA-PKcs–/– cells.74

Therefore, blocking the DNA-PKcs activity might increase the
competing activity of HDR and improve CRISPR/Cas9-mediated
HDR efficiency.

NU7441 and KU-0060648 are DNA-PKcs inhibitors that were
reported to increase HDR editing events by three–fourfold as well
as a twofold decrease in NHEJ editing events in the HEK293/TLR
cell line using CRISPR/Cas9 with dsODN donors.73 The effects of
the compounds were exhibited in a dose-dependent manner and
reached a maximum of � 2 mM for NU7441 and 0.25 mM for
KU-0060648 without affecting cell viability.73 The enhancing
effect of NU7441 was confirmed by improving CRISPR/Cas9-
mediated precise gene modification efficiency by 1.2-fold at the
CTNNB locus in hiPSCs75 and by 13.4-fold in fertilized zebrafish
embryos.76 Another DNA-PKcs inhibitor, NU7026, was also
reported to enhance the CRISPR/Cas9-mediated HDR events
by � 2.5-fold in HEK293/TLR reporter cells77 and by up to 2.5-
fold in inducible Cas9 nickase expression hiPSCs and 1.6-fold
in inducible Cas9 expression hiPSCs at CALD1,KATNA1, and
SLITRK1 loci with ssODN donors.56 M3814, a highly potent
and selective inhibitor of DNA-PKcs, was able to increase the
CRISPR/Cas9-mediated HDR frequency from 18% to 81% with
moderate toxicity in K562 cells. A comparable enhancing effect
of M3814 was observed in 409B2 hiPSCs.78
958 www.drugdiscoverytoday.com
DNA-PKcs is a member of the phosphatidylinositol 3-kinase
(PI3K)-related kinase (PIKK) family, which includes proteins that
share highly homologous catalytic domains, such as PI3K, ATM,
ATR, and mechanistic target of rapamycin (mTOR).79 Although
downregulation of the expression of PI3K by siRNA did not sig-
nificantly increase the CRISPR/Cas9-induced HDR efficiency,73

other PIKK members cannot be completely ruled out as affecting
HDR efficiency. Although the selective affinity of NU7441 to
DNA-PKcs is 20-fold higher than that of PI3K,80 the maximal
enhancing effect of NU7441 at 2 mM on HDR efficiency might
also be caused by inhibiting the activity of PI3K and mTOR,
which have IC50 values of 5 mM and 1.7 mM, respectively.81

mTORC1, which is one of the large multiprotein complexes con-
taining mTOR, suppressed ATM through S6 kinase 1 (S6K1) sig-
naling by increasing miR-18a and miR-421 expression, which
target ATM mRNA, leading to the inefficient response of ATM
to DNA damage.82 Therefore, inhibiting mTOR with small mole-
cules could also increase CRISPR/Cas9-induced genome editing.
In general, these DNA-PKcs inhibitors showed relatively consis-
tent enhancing effects on HDR efficiency improvement by
CRISPR/Cas9 in various species, which might be because of the
similar contributions of the PIKK family to modulating
CRISPR/Cas9 activity. These investigations also indicate that
DNA-PKcs is a core NHEJ factor and a connecting link between
Ku70-Ku80 binding and ligation complex assembly.

DNA ligase IV inhibitors
Whether the classical NHEJ pathway can be successfully com-
pleted is associated with the activity of DNA ligase IV (LIG4)
(Fig. 1d). The NHEJ pathway was severely impaired in LIG4–/–

DT40 chicken B-lymphocyte cells, whereas HDR was not affected
by LIG4 deficiency.83 Moreover, degrading LIG4 expression by
the Ad4 protein significantly damaged NHEJ efficiency by over
tenfold in HEK293/TLR cells.71 Additionally, silencing the
expression of LIG4 by siRNA increased the HDR efficiency
by � 2.8-fold while decreasing the NHEJ efficiency by � 1.8-fold
in HEK293/TLR cells.71 Therefore, blocking the recruitment,
binding, or activity of LIG4 could impair the classical NHEJ path-
way, favoring the HDR pathway and improving CRISPR/Cas9-
induced HDR efficiency.

The DNA-binding domain (DBD) of LIG4 is pivotal for its
interaction with DNA.84 SCR7 is a putative inhibitor of LIG4
by interfering with its binding to DNA.85 SCR7 is considered an
antitumor agent by enhancing the sensitivity of cancer cells to
radio- and chemotherapeutic agents. SCR7 caused DSB accumu-
lation by binding to the DBD of LIG4 and inhibiting assembly
of the LIG4/XRCC4 complex, which is essential for LIG4 stability
and function.85 In 2015, studies showed that SCR7 disrupted
NHEJ efficiency by � 3.4-fold in HEK293/TLR cells71 as well as
increasing the efficiency of CRISPR/Cas9-induced HDR genome
editing in mammalian cells and mice.86 Maruyama and col-
leagues engineered A549 and MelJuSo cell lines that
doxycycline-inducibly expressed gRNATGS101 and Cas9 to detect
HDR-mediated genome editing treated with SCR7. The insertion
rate increased by � threefold and 19-fold in A549 and MelJuSo
cells treated with 0.01 mM and 1 mM SCR7 for 24 h, respec-
tively.86 Furthermore, insertional mutagenesis caused by
CRISPR/Cas9 was determined by targeting two different loci in



R
ev

ie
w
s:

K
EY

N
O
TE

(G
R
EE

N
)

Drug Discovery Today d Volume 27, Number 4 d April 2022 KEYNOTE (GREEN)
mouse zygotes in the presence or absence of SCR7. The insertion-
positive blastocysts were determined by specific primers, and the
insertion rate increased from 26.8% to 59.3% by SCR7 treat-
ment.86 The enhancing effects of SCR7 on CRISPR/Cas9-
induced HDR genome editing were further confirmed by
HEK293/TLR cells, which increased the HDR rate by fivefold
while decreasing the NHEJ rate by � 2.3-fold with SCR7 treat-
ment using CRISPR/Cas9.71 SCR7 was then used as a positive
control for the identification of novel small-molecule enhancers
for CRISPR/Cas9 genome editing. In HEK293A and HEK293/TLR
cell lines, SCR7 was shown to increase the HDR rate by � 1.1-
and � twofold, respectively.73,87 SCR7 was also shown to signifi-
cantly improve the HDR efficiency using CRISPR/Cas9 in zebra-
fish. The enhancing effects of SCR7 varied from 3% to 58%
combined with different donor templates and delivery
approaches of Cas9.88

Several reports showed contradictory effects of SCR7 on
CRISPR/Cas9-induced HDR genome editing. For instance, SCR7
showed a minimal effect on increasing knock-in efficiency in rab-
bit embryos using CRISPR/Cas989; SCR failed to improve the
CRISPR/Cas9-induced HDR efficiency in H1 EGFP reporter
cells44; and SCR7 did not show a pronounced improvement in
HDR efficiency at the CTNNB1 and PRDM14 locus in hiPSCs.75

These findings indicate that SCR7 is more like a species or cell
type-specific enhancer for HDR using CRISPR/Cas9. The reasons
why SCR7 shows inconsistent effects in species are elusive. SCR7
was reported to inhibit LIG4 as well as DNA ligase III (LIG3),
although with less affinity.85 One report demonstrated that the
authors failed to purify SCR7 according to the published synthe-
sis protocol, but used a mixture of L189, which is a nonspecific
inhibitor for DNA ligases (DNA ligase I/III/IV)90 and a SCR7
derivative, SCR7-G.91 SCR7 derivatives showed greater inhibitory
effects on DNA ligase I (LIG1) and III than those of LIG4.91 LIG3,
which is involved in the alternative NHEJ pathway (aEJ), had
end-joining activity and was considered as a backup pathway
for classical NHEJ in LIG4-deficient cells.92 Therefore, SCR7
might favor inhibiting LIG3 in cancer cells that have higher
chromosomal translocation levels, which are mainly mediated
by LIG3-dependent aEJ.93 LIG4 is a vital downstream factor of
NHEJ signaling, indicating that the activity of LIG4 might be
upstream factor dependent. Adachi and colleagues demonstrated
that the sensitivity to X-ray is comparable in Ku70–/–LIG4–/–cells
and LIG4–/–cells, suggesting that LIG4 had no obvious effect
without Ku.83

Enhancing CRISPR/Cas9 efficiency by activating HDR-
dependent proteins
DSBs-induced repair by HDR, which is the second key pathway
for DSBs repair, results in precise repair of DNA lesions in the
presence of homologous sequences elsewhere in the genome,
such as in homologous chromosomes or sister chromatids.94

HDR differs from NHEJ in some key aspects. Unlike NHEJ, which
exists in all cell cycle stages, the HDR pathway is abundant in the
S and G2 phases of the cell cycle.94 HDR has several steps that are
more complicated than NHEJ. The NHEJ process can be disrupted
by DNA end resection, which is facilitated by the activities of the
MRE11–RAD50–NBS1 (MRN) complex, exonuclease 1 (EXO1),
and DNA2-Bloom syndrome protein (BLM) heterodimer. These
proteins convert the blunt DSB ends to long DNA single-
stranded 30 ends, which allows the intimate binding of RPA to
the DNA single-stranded (ssDNA) tails to avoid DNA single
strands annealing after removal of the Ku70-Ku80 heterodimer
by the exonuclease activity of MRN complex. Subsequently,
the RPA complex must be displaced by several recombinant ‘me-
diators’, such as BRCA2, to ensure the formation of RAD51 nucle-
oprotein filaments. The RAD51-ssDNA complex facilitates the
homologous sequence search by invading donor duplex DNA
and modulates base pairing and new strand synthesis with the
help of DNA polymerase d (Fig. 1e).37

DNA end resection by MRN and associated proteins initiates
the HDR (Fig. 1e). Efficient endonuclease activity of MRE11 also
requires interaction with RBBP8-interacting protein (CtIP). In
eukaryotes, phosphorylation of CtIP at Thr847 by the activity
of CDK is important for efficient nuclease MRE11 activation.95

Furthermore, phosphorylated CtIP at Ser327 is also essential for
its binding to BRCA1, which is one of the key factors for RPA dis-
placement and RAD51 loading.96 Therefore, improving or main-
taining the phosphorylation level of CtIP could favor DSB repair
by HDR.

Neddylation is the process by which the small ubiquitin-like
peptide NEDD8 is conjugated to the lysine of target proteins. It
is a process analogous to ubiquitination, but relies on its own
E1 and E2 enzymes.97 Protein neddylation is involved in the
DNA damage response, such as the neddylation of several his-
tones that are crucial for checkpoint activation.98 Jimeno and
colleagues found using a protein neddylation inhibitor,
MLN4924 that CtIP-mediated DNA end resection was controlled
by its neddylation.99 The authors found that the ratio of HDR:
NHEJ increased after treatment with MLN4924 in a See-Saw
Reporter 2.0 U2OS cell line, which was able to calculate the bal-
ance between NHEJ and HDR by counting fluorescent cells.100

The recruitment level of RPA was increased with MLN4924 treat-
ment after irradiation. However, the enhancing effect vanished
when CtIP expression was depleted by short hairpin (sh)RNA,
indicating that the activity of CtIP for DSB repair is mediated
by protein neddylation.99 In 2016, Riesenberg and colleagues
showed that MLN4924 increased the targeted nucleotide substi-
tution efficiency by 1.1- to 1.3-fold using ssODNs as donors in
hiPSCs by CRISPR/Cas9 nickase, whereas there was a slight
reduction in gene-editing efficiency using CRISPR/Cas9.56

RPA binds to the ssDNA that is generated by the MRN com-
plex, EXO1 and BLM, to avoid ssDNA annealing (Fig. 1e). p53,
which is a multifunctional regulator involved in several path-
ways associated with cell cycle control, apoptosis, and DNA
repair, was reported to suppress HDR by interacting with several
DNA damage response proteins.101 For instance, p53 binds and
inhibits the activity of RAD51 recombinase as well as RAD54;
p53 interferes with the activity of BLM, which might affect
HDR at arrested replication forks; it also prevents RPA binding
to ssDNA.101 Therefore, disrupting the interactions between
p53 and RPA might be helpful for progressing HDR. p53 func-
tions as a homotetramer, including a DBD and a N-terminal
tetramerization domain, which participates in transcriptional
activation of its downstream genes.102 RPA contains three sub-
units (RPA70, RPA32, and RPA14), five DBDs,103 and one pro-
tein–protein interaction domain of RPA70, DBD-F, which
www.drugdiscoverytoday.com 959
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might be responsible for the destabilization activity of double-
strand DNA (dsRNA) by RPA.104 DBD-F was found to be essential
for specific DNA repair and to be involved in DNA damage
response signaling.105 The N-terminal subdomain (TAD2) of
p53 was found to compete with ssDNA for binding to the
DBD-F of RPA.105 NSC15520, which was described to inhibit
the association of RPA with p53,105 increased the targeted
nucleotide substitution efficiency by 1.4-fold and 1.3-fold at
the CALD1 locus in hiPSCs using CRISPR/Cas9 nickase and
CRISPR/Cas9, respectively. However, no clear enhancing effects
on gene-editing efficiency were shown at the KATNA1 and
SLITRK1 loci.56

Recombinase RAD51 loads onto ssDNA to form a nucleopro-
tein filament, which is a key step in the HDR pathway
(Fig. 1e). The RAD51-ssDNA nucleoprotein complex enables
the search and invasion of homologous DNA strands during
HDR repair with the help of recombinant ‘mediators’, such as
BRCA2, RAD52, RAD51 paralogs, and BRCA1-BARD1.37 In
RAD51 paralog-deficient cells, overexpression of RAD51 can par-
tially function as a filament assembly protein, which promotes
the stability of the RAD51 filament.106 Takayama and colleagues
searched for genes highly correlated with HDR efficiency by ana-
lyzing global gene expression profiles using DNA microarrays in
six hESC/hiPSC lines. PPP4R2,CHEK1, and RAD51 were the top
three genes highly correlated with HDR efficiency. The HDR effi-
ciency at the AAVS1 locus was increased by � 2.5-fold by RAD51
overexpression.58 These findings collectively suggest that HDR
efficiency is highly correlated with RAD51 alterations. As a result,
increasing RAD51 activity might promote CRISPR/Cas9-
mediated HDR efficiency.

RS-1 is an agonist of RAD51, which was identified from a
10 000-compound library. Jayathilaka and colleagues established
an in vitro high-throughput screening platform by measuring the
polarization of fluorescent tags that were labeled at the ends of
oligonucleotides after incubation with human RAD51 and
small-molecule compounds. RS-1 was identified by this platform
and enhanced RAD51 binding to DNA in a range of biochemical
conditions. Furthermore, RS-1 was found to improve filament
stability by salt titration assays.107 Pinder and colleagues showed
that RS-1 increased CRISPR/Cas9-induced HDR efficiency by six-
and threefold in HEK293A cells using lipofection and electropo-
ration, respectively. The HDR events were also increased
by � 2.5-fold in U2OS cells with RS-1 treatment using CRISPR/
Cas9.87 Moreover, Song and colleagues confirmed the activity
of RS-1 as a gene knock-in enhancer in both in vitro and in vivo
assays.89 RS-1 (7.5 mM) increased CRISPR/Cas9-induced knock-
in in rabbit embryos from 4.4% to 26.1% at the ROSA26-like
locus (RLL). Overexpression of RAD51 by mRNA also increased
the knock-in efficiency by � 5.7-fold at the RLL locus in rabbit
embryos. Additionally, the authors transferred 146 embryos to
synchronized recipient rabbits. They found that the in vivo
CRISPR/Cas9-induced EGFP knock-in efficiency at RLL increased
from 6.8% to 26.3% with RS-1 (7.5 mM) treatment.89 More
recently, RS-1 was reported to increase the targeted knock-in rate
using CRISPR/Cas9 and ssDNA donor from 25% to 52.8% in
bovine embryos.108

However, conflicting effects of RS-1 on CRISPR/Cas-mediated
gene editing have been shown in several reports. For instance,
960 www.drugdiscoverytoday.com
RS-1 (15 mM) showed a modest but statistically significant
increase (�1.5-fold) in the number of red fibers in zebrafish
embryos.76 Moreover, RS-1 did not show a clear significant
improvement in CRISPR/Cas9-induced HDR efficiency at the
PRDM14 and CTNNB loci with dsODN donors in hiPSCs.75 In
addition, no significant increase in the EGFP knock-in efficiency
was observed with RS-1 treatment at the amyloid precursor pro-
tein (APP) locus in porcine fetal fibroblasts cells using CRISPR/
Cas9 and ssODN donors.109 These inconsistent effects of RS-1
might be associated with up- and downstream factors of
RAD51. For instance, HDR can be blocked if RPA is not success-
fully displaced by RAD51 with the help of BRCA2. RAD51-
mediated homologous pairing cannot be processed if the
BRCA1-BARD1 complex is impaired.37

Enhancing CRISPR/Cas9-mediated HDR efficiency by unclear
mechanisms
L755507 and Brefeldin A were identified from 3918 small mole-
cules by a mouse ESC-based high-throughput screening platform
to improve HDR efficiency using CRISPR/Cas9.110 L755507, a b3-
adrenergic receptor agonist,111 increased EGFP insertion effi-
ciency by threefold at the Nanog locus in E14 cells using
CRISPR/Cas9 and a plasmid donor template. Brefeldin A, an
endoplasmic reticulum (ER)-to-Golgi transport inhibitor,112 also
showed an enhancing effect on EGFP knock-in efficiency by two-
fold. L755507 was further explored owing to its consistent
enhancing effect on the efficiency of precise gene modifications
in various cell types. For example, HDR efficiency increased
by � 1.5- to � 1.7-fold in cancer cell lines (HeLa and K562),
�1.7- to � 2.0-fold in primary neonatal cells [fibroblast CRL-
2097 and human umbilical vein endothelial cells (HUVECs)],
and � 1.3-fold in hESC-derived neural stem cells with L755507
treatment. Furthermore, L755507 exhibited a ninefold increase
on introducing an A4V mutation into the human SOD1 locus
in hiPSCs using ssODN as a donor template.110 Although the
mechanism of how L755507 improves HDR efficiency was not
determined, its effect was confirmed in another study. L755507
(40 mM) increased CRISPR/Cas9-mediated HDR efficiency by
10.9% and 51.61% using CRISPR/Cas9 and plasmids donors in
porcine fetal fibroblasts and primary porcine cells, respectively.
L755507 also showed an accumulation of S phase as well as a
reduction in G0/G1 and G2/M phases in porcine fetal fibroblasts.
Additionally, it exhibited an increase in the expression of HDR-
related genes, such as RAD50, and a decrease in expression of
NHEJ-related genes, such as LIG4,113 suggesting multiple interac-
tions of L755507 with DNA damage-associated signaling. How-
ever, Pinder and colleagues showed that treatment with
L755507 resulted in a slight, but not statistically significant,
stimulation of HDR in HEK293A cells.87 Zhang and colleagues
also demonstrated that L755507 did not significantly increase
HDR efficiency at either the PRDM14 or CTNNB locus in hiPSCs
using CRISPR/Cas9 and linearized plasmid donor templates.75

Resveratrol, a naturally occurring phenolic compound found
in grapes, exhibits a range of biological activities and applica-
tions, such as protective effects in response to cell stress, and
anticarcinogenic, anti-inflammatory, and antitumor effects in
animal models.114 It was reported to arrest human ovarian carci-
noma Ovcar-3 cells at S phase by activating the ATM/ATR-
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dependent CHK1/CHK2 pathway.115 Resveratrol strongly upreg-
ulated ATM and ATR kinase expression as well as phosphorylated
CHK1 and CHK2 expression. The activity of cell division cycle
25C (CDC25C) phosphatase is regulated by CHK1 and CHK2
phosphorylation. Phosphorylation of CDC25C at Ser216 is an
important negative regulatory mechanism used in cells to sup-
press mitotic entry into the normal cell cycle or after DNA dam-
age. Furthermore, resveratrol upregulated the inactivated
phosphorylation of CDC2, a human CDK1 homolog, at Thr14
and Tyr15, resulting in a delay in entering mitosis.115 Therefore,
resveratrol might enhance CRISPR/Cas9-mediated HDR effi-
ciency by arresting target cells at S phase, in which the HDR
pathway is restricted. Li and colleagues found that 50 mM resver-
atrol showed maximal enhancing effects on HDR-mediated EGFP
knock-in efficiency at the ROSA26 locus in porcine fetal fibrob-
lasts by CRISPR/Cas9, increasing the HDR efficiency by threefold
compared with controls.113 They also showed that neomycin
resistance gene knock-in efficiency increased from 26.22% to
45.88% with 25 mM resveratrol treatment using CRISPR/Cas9
in primary porcine cells. Furthermore, they found that resvera-
trol arrested porcine fetal fibroblasts at S phase in a dose-
dependent manner, and the expression of HDR-related genes,
such as RAD51 and RAD52, was dose-dependently increased with
resveratrol treatment,113 indicating that resveratrol increased
CRISPR/Cas9-mediated HDR efficiency by interacting with multi-
ple DNA damage-related proteins.

Enhancing CRISPR/Cpf1-mediated genome editing by small
molecules
Similar to CRISPR/Cas9, Cpf1 is a single RNA-guided endonucle-
ase that belongs to the class 2, type V CRISPR/Cas-system.
CRISPR/Cpf1 generates a 5-nucleotide staggered DSB end by
using a shorter crRNA targeted to thymidine (T)-rich PAM
sequences (TTTN), which shows lower off-target effects than that
of CRISPR/Cas9.66 However, generation of an HDR-mediated
gene knock-in hPSC cell line by CRISPR/Cpf1 is challenging.
Therefore, Ma and colleagues augmented the efficiency of
CRISPR/Cpf1-mediated gene knock-in by screening chemical
compounds in hPSCs. VE-822, a specific inhibitor of Ataxia
Telangiectasia mutated and Rad3-related kinase (ATR), increased
EGFP gene knock-in efficiency by 5.9-fold compared with the
control at the OCT4 locus in hPSCs. AZD-7762, a specific inhibi-
tor of checkpoint kinase 1 (CHEK1), enhanced EGFP insertion
efficiency by 2.7-fold in hPSCs. Downregulating the expression
of ATR and CHEK1 by siRNA also promoted EGFP insertion effi-
ciency by � 3.1- and � 2.5-fold in hPSCs, respectively. Interest-
ingly, SCR7 did not show clear enhancing effects on the
efficiency of CRISPR/Cpf1-mediated gene knock-in. However, it
did exhibit a twofold increase in HDR-mediated mutagenesis
by CRISPR/Cas9, indicating that the type of DSB end is one of
the most important determinants of DSB repair pathway selec-
tion.37,116 Both VE-822 and AZD-7762 showed better enhancing
effects than SCR7, increasing the efficiency fourfold.116

ATR is an important factor for HDR, which is activated by
ssDNA and RPA sensors (Fig. 1c).117 After recruitment of ATR to
the RPA-ssDNA complex, numerous protein–protein interac-
tions, such as TopBP1, RAD9-RAD1-HUS1 (9–1-1) complex, and
ETAA1, are required for efficient activation of ATR. Activated
ATR phosphorylates and activates CHK1, followed by degrada-
tion of cell division cycle 25A (CDC25A), which is promoted
by activated CHK1. CDC25A is a phosphatase that is responsible
for removing the inhibitory modifications from CDKs. Therefore,
inactivated CDC25A enables to slow or inhibit mitotic entry by
reducing the activity of CDKs, such as CDC2/Cyclin B.64 These
findings indicate that the ATR-CHK1-CDC25A axis is essential
for HDR-dependent repair. Interestingly, exposure of VE-822 to
target cells suppressed ATR in vitro and in vivo, abrogated cell
cycle checkpoints, enhanced persistence of DNA damage and
inhibited HDR.118 Therefore, how VE-822 and AZD-7762
enhance the CRISPR/Cpf1-mediated HDR efficiency in hPSCs
remains elusive. Furthermore, whether their enhancing effects
on HDR-mediated efficiency occur in other cell types or using
other CRISPR/Cas-related systems needs to be explored.

Li and colleagues identified six compounds that increased the
CRISPR/Cas12a (also known as Cpf1)-mediated genome editing
by performing microsecond molecular dynamics (MD) simula-
tions of the Acidaminococcus Cas12a (AsCas12a) ternary (T-
State; Cas12a:crRNA:DNA), binary (B-State; Cas12a:crRNA), and
apo (A-State; Cas12a) systems. In total, 11 representative confor-
mations were selected from each clustered stimulation trajectory
according to root mean-squared deviation (RMSD) of the Ca
positions of the protein. Around 220 000 compounds were
screened against these 11 representative structures by docking
analysis, and 57 compounds were obtained that exhibited prefer-
ential binding to either the T-state or B-state of AsCas12a. Six
compounds were further identified according to their chemical
properties, such as molecular weight (<500 g/mol). Among the
six compounds, compound 1, quinazoline-2,4(1H,3H)-dione,
exhibited the best enhancing effect on genome-editing efficiency
by stabilizing the Cas12a:crRNA complex in either the T-state or
B-state of AsCas12a. Compound 1 enhanced FANCF and DNMT1
gene knockout efficiency dose dependently in HEK293 cells.
However, the HDR efficiency using CRISPR/Cas12a was not
determined with this compound.119
Direct control of CRISPR/Cas9-mediated gene editing activity
using small molecules
Although the range of applications of CRISPR/Cas9 in genome
engineering is conspicuous, exerting precise control over Cas9
activity once it has been activated is limited by a lack of effective
approaches, resulting in safety concerns and practical difficulties.
For example, potential therapeutic applications of CRISPR/Cas9,
which require specific editing in target tissues, might be chal-
lenged by exacerbating off-target effects caused by prolonged
Cas9 activity.23 Moreover, Cas9 activity increases background
mutagenesis in cases where it requires HDR-mediated precise
gene editing.120 Therefore, the application of CRISPR/Cas9 might
be improved if its activity can be effectively controlled.34

Although several protein-based anti-CRISPRs have been
reported,121 we focus here on recently developed drug-like mole-
cules, including small molecules, nucleic acids, and peptides, for
precisely controlling Cas9 activity and discuss their potential
mechanisms. Unlike various strategies for developing small-
molecule enhancers of CRISPR/Cas9 genome editing based on
DNA repair pathways, the identification of small-molecule inhi-
www.drugdiscoverytoday.com 961
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bitors for Cas9 mainly relies on interfering with the assembly of
the Cas9:sgRNA:DNA complex (Fig. 3).

Anti-CRISPR small molecules
In 2019, the first high-throughput screen platform was generated
for identifying potent small-molecule inhibitors for SpCas9
(Fig. 3).36 Maji and colleagues identified potent inhibitors that
block the interaction between SpCas9 and the PAM sequence
owing to the relatively low affinity between them. Therefore, a
multi-PAM fluorescence-labeled DNA was used as a detector
and the interaction between SpCas9 and PAMs was monitored
by the alteration of fluorescence polarization (FP). The study ini-
tially screened 2652 compounds, including 2240 small molecules
from commercial libraries and 412 from diversity-oriented syn-
thesis (DOS) libraries. Next, they screened 9549 diverse DOS-
derived compounds that were selected by a computational
approach in the second round. The small molecules with a
Povarov scaffold exhibited the most inhibitory effects on
SpCas9:sgRNA and DNA binding. BRD7087 showed a high affin-
ity for SpCas9:sgRNA without detectable binding activity to DNA
in the absence of the SpCas9:sgRNA complex. BRD7087 also
showed � 44% inhibitory effect on EGFP disruption efficiency
at 10 mM in U2OS cells without affecting endogenous EGFP
expression or inducing autofluorescence. Furthermore, 20 mM
of BRD7087 exhibited � 60% and � 50% inhibition of transcrip-
tion activation and C? T conversion using dead Cas9 (dCas9)
and a cytosine base editor (CBE), respectively, at the EMX1 locus
in HEK293T cells. To gain small molecules with more potent
inhibitory effects, 641 analogs of BRD7087 were screened in a
cell-based EGFP disruption assay using U2OS cells. BRD0539
increased the inhibitory potency over BRD7087 by � 1.8-fold
in the EGFP disruption assay. BRD0539 also dose-dependently
inhibited the DNA cleavage ratio without interfering with sgRNA
loading onto SpCas9 in vitro. Further experiments, such as pull-
down assays, confirmed that BRD0539 reversibly inhibited the
binding of SpCas9:sgRNA to target DNA by pulling down SpCas9
from WM793 cell lysates without observing detectable nonspeci-
fic proteins using biotinylated BRD0539. Interestingly, the study
also showed that BRD0539 failed to inhibit Francisella novicida
Cpf1 (FnCpf1), indicating the specificity of BRD0539 to SpCas9
and the structural diversity of CRISPR/Cas-associated
nucleases.36

Anti-CRISPR nucleic acids
Barkau and colleagues rationally designed nucleic acid-based
SpCas9 inhibitors by competing with a target DNA (antiguide),
or crRNA that pairs with tracrRNA (antitracr), or the PAM motif
of targeted duplex DNA (antiPAM) (Fig. 3).122 They proposed that
the inhibitors of SpCas9 should have greater or comparable affin-
ity to SpCas9 compared with those of crRNA, tracrRNA, or target
DNA. Therefore, they first investigated the affinity of these com-
ponents for SpCas9. The accurate apparent binding affinity (Kd

app) between tracrRNA and SpCas9 was 10 ± 1 nM, although
crRNA did not show efficient binding with SpCas9 without
tracrRNA. crRNA bound to the SpCas9:tracrRNA complex with
a Kd app value of 100 ± 9 nM, indicating that the interaction
between SpCas9 and crRNAmainly relies on crRNA and tracrRNA
base pairing. Next, the binding affinities of three potent anti-
962 www.drugdiscoverytoday.com
CRISPR nucleic acids, Anti1_PAM, Anti1_tracr, and Anti1_guide,
to the SpCas9-tracrRNA complex were determined. Anti1_PAM
showed the best binding affinity, with a Kd app value of 297
± 21 nM, whereas the Kd app value of Anti1_tracr was three times
higher than that of Anti1_PAM. Anti1_guide showed poor bind-
ing affinity with the fully assembled crRNA:tracrRNA:Cas9:DNA
complex. To gain potent inhibitors with higher affinity for the
SpCas9:tracrRNA complex, the authors combined Anti1_PAM
and Anti1_tracr with an 18-atom PEG linker (Anti1_PAM-tracr).
This combined potent inhibitor increased the binding affinity
of SpCas9:tracrRNA by over tenfold compared with Anti1_PAM
alone and exhibited dose-dependently inhibitory effects in vitro
in a DNA cleavage assay. The Anti1_PAM-tracr reduced SpCas9
nuclease activity by � 4.3-fold at 1 mM in vitro and showed a
small reduction in the EGFP disruption assay using HEK293T-
cells. Furthermore, the authors generated another potent inhibi-
tor, Anti2_PAM-tracr, by including a bulge to mimic the natural
stem structure of crRNA:tracrRNA dual guide RNA (dgRNA). The
Anti2_PAM-tracr also showed a high binding affinity with
SpCas9:tracrRNA and reduced DNA cleavage by � ninefold
in vitro, without showing clear inhibition in cell-based assays,
suggesting the dynamic binding of RNA to Cas9. Additionally,
the authors generated Anti1_PAM-tracr(F) and Anti1_PAM-tracr
(FL) by replacing 20-O-methyl in the Anti1_PAM-tracr with
nucleotide analogs, which are capable of increasing the binding
affinity with SpCas9:tracrRNA, which might result in a more
potent inhibition of SpCas9 activity. Both potent inhibitors
decreased the EGFP knockout efficiency by � 1.5- to � twofold
in HEK293T cells.122

Anti-CRISPR peptides
In 2020, the first CRISPR/Cas9-inhibiting peptides were devel-
oped by Cui and colleagues (Fig. 3).123 The 21-amino acid
Cas9-inhibiting G8PPD peptide was derived from the periplasmic
domain (PD) of Inoviridae bacteriophage major coat protein pVIII
(G8P). G8PPD inhibited the DNA cleavage ratio in a dose-
dependent manner with an IC50 of � 5 mM in vitro. However,
this inhibitory effect was diminished when G8PPD was post incu-
bated with sgRNA and SpCas9, indicating that G8PPD is an order-
of-addition-dependent SpCas9 inhibitor. This hypothesis was
further confirmed by incubating G8PPD with apo-Cas9 or Cas9:
sgRNA complex using an electrophoresis mobility shift assay
(EMSA). Although G8PPD increased inhibition of Cas9 and
sgRNA bound pre-incubation, the assembly of Cas9 and sgRNA
could not be fully blocked by G8PPD with a high concentration
of sgRNA, suggesting the reversible inhibitory effects of G8PPD.
High-resolution mass spectrometry (MS) data revealed that the
peptide G8PPD interacted with the K1158 and K1176 residues,
which are both located in the PAM-interacting (PI) region of
SpCas9. Cas9 activity was significantly decreased by mutation
of both residues. However, K1158 and K1176 residues are not
involved in the sgRNA or DNA loading pockets of SpCas9, indi-
cating that G8PPD acts as an allosteric inhibitor of SpCas9 rather
than competing directly with sgRNA loading. G8PPD significantly
decreased AAVS1 gene knockout efficiency by � four- and � 1.4-
fold in HEK293 and K562 cells, respectively. Consistent with
in vitro assays, G8PPD can only show inhibitory effects when
G8PPD is overexpressed before sgRNA transfection.123



R
ev

ie
w
s:

K
EY

N
O
TE

(G
R
EE

N
)

Drug Discovery Today d Volume 27, Number 4 d April 2022 KEYNOTE (GREEN)
Concluding remarks and future perspectives
It only took less than a decade to develop the CRISPR/Cas9 tech-
nology from in vitro genemodifications to clinical use.2 This rapid
development reflects the urgent need to uncover and cure human
genetic diseases. Although enormous contributions have been
made to improving and controlling genome engineering frequen-
cies using Cas9-based technologies,124 the approach to balancing
these is limited. Small-moleculemodulators appear to be themost
likely candidates for clinically modulating CRISPR/Cas9 activity
owing to their cell-permeable, reversible, and low-immunogenic
properties.36 However, most small molecules regulating CRISPR/
Cas9 genome editing show cell type- or status-specific effects,
which raises the question of the identification strategies used for
novel small-molecule modulators for Cas9.

Apart from increasing the genome-editing efficiency, the
induced repair mechanism determines the outcome of the mod-
ification. Most of the small molecules reviewed in this study
increased the HDR efficiency using CRISPR/Cas9 depending on
passive shunting of the DSB repair pathways from NHEJ to
HDR by either inhibiting NHEJ-related factors or enhancing
HDR-correlated proteins. Furthermore, small molecules are used
to enhance CRISPR/Cas9 genome-editing efficiency by remodel-
ing the chromatin status to increase target DNA accessibility.
Additionally, owing to the bias distribution of NHEJ and HDR
through the cell cycle, cell cycle inhibitors were used to improve
HDR efficiency by arresting or delaying target cells in S or G2
phase, in which HDR is restricted.

Although small molecules were identified by these strategies
and several have been confirmed in animal models, practical con-
cerns have also been proposed, such as target specificity, inconsis-
tent effects among cell types, target selection, and selection
approaches for small molecules. Inhibitors and enhancers for pro-
teins with a key role in the DNA damage response to improve
CRISPR/Cas9 genome-editing efficiency might also influence off-
target effects related to members of the family to which the pro-
teins belong. Potential off-target effects of small molecules in target
cells contribute to additive enhancing effects on CRISPR/Cas9 effi-
ciency at best, and, at worst, removing the enhancing effects and
inducing undesired CRISPR/Cas9-induced mutagenesis, posing a
safety risk and limiting their applications.

Small molecules of CRISPR/Cas9 exhibited a cell type- and cell
status-dependent manner, which might be caused by the compli-
cated repair signaling response to DNA damage. Apart from clas-
sical NHEJ (cNHEJ) and HDR, other DNA repair pathways are also
essential for DNA damage response, especially in cNHEJ and
HDR-deficient cells.37 For instance, aEJ is in charge in the absence
of cNHEJ-participating proteins. It is a rapid and high-capacity
pathway that joins two DNA ends with minimal genetic informa-
tion according to DNA sequence. The extensive end resection
can be blocked by poly (ADP-ribose) polymerase 1 (PARP1),
resulting in the suppression of HDR progression and aEJ initia-
tion.125 The expression of aEJ-related proteins, such as poly-
merase h (Pol h), was elevated in HR-defective cells,126

indicating the competing role of aEJ in DSB-induced repair. In
addition, single-strand annealing (SSA), break-induced replica-
tion (BIR), and microhomology-mediated template switching
have complementary roles in DSB-induced repair and are always
considered to be error-prone pathways,37 which could weaken
HDR-induced efficiency in cells.

Target selection for small molecules tomodulate the frequency
of CRISPR/Cas9-induced genome editing is also important. Most
of the small-molecule enhancers for CRISPR/Cas9 are targeted to
the key factors involved in either the cNHEJ or the HDR pathways
by a relatively clear mechanism. Some chemicals that were
selected from commercial compound libraries efficiently boosted
CRISPR/Cas9-mediated genome-editing frequency in cells.110

However, the principle for choosing these compounds is unclear
and the identified small molecules increased the HDR efficiency
by unclear bioactivities, which could lead to uncontrollable out-
comes for long-term culturing of cells. Natural product-like com-
pounds, which have a broad range of bioactivities, were also
thought to enhance HDR efficiency by regulating apical factors
that respond to DNA damage.113 For example, activation of ATM
and ATR by phosphorylation can activate numerous downstream
proteins that are relatednot only toDNA lesion repair, but also cell
cycle checkpoint control and DNA damage-induced apoptosis,64

thus resulting in uncontrollable regulation in the DNA damage
response network. Therefore, targeting of the exogenous Cas9
and Cas9-associated nucleases might be helpful for the reduction
of potential side-effects caused by multiple cellular mechanisms.
For example, compounds targeting the Cpf1 protein significantly
increased CRISPR/Cpf1-mediated gene knockout efficiency by
improving the binding activity of sgRNA and Cpf1119; and a
small-molecule Cas9 inhibitor, BRD0539, significantly blocked
Cas9 activity both in biochemical and cellular studies.36 These
investigations collectively confirmed the potential therapeutic
applications of these Cas protein-targeting compounds.

The potency of small-molecule modulators depends on the
screening platforms and compound library selection. The enhan-
cer of Cpf1 failed to show an effect on enhancing CRISPR/Cas9-
mediated HDR efficiency, which is more urgent to improve. This
might be because: (i) the docking analysis used was a virtual and
artificial-prone approach to mimic the binding of small mole-
cules to CRISPR/Cpf1; (ii) enhancing the binding of Cas9 to
sgRNA, which has a high binding affinity (picomolar), might
not improve the efficiency of CRISPR/Cas9-mediated genome
editing; and (iii) whether the compound can effectively target
to Cpf1 from cell lysate needs to be further explored. BRD0539
effectively blocked the activity of Cas9 by attacking DNA loading
to the Cas9:sgRNA complex in cells, although at a relatively high
concentration, which might challenge its further use in the
clinic. This might be caused by: (i) in vitro screening platforms
that can rarely mimic the complicated and multi-layered
microenvironment in cells; (ii) a lack of compound structure
diversity. Azidothymidine (AZT), a thymidine analog, was identi-
fied by cell-based screening platforms and thought to signifi-
cantly increase CRISPR/Cas9-mediated gene knockout
efficiency in mouse PSCs.110 Therefore, using nucleic acid-like
small molecules to mimic sgRNA or DNA binding to Cas9 could
identify more potent Cas9 inhibitors and Cas9 enhancers.

Other chemical characteristics of small-molecule compounds,
such as charge at physiological pH, aqueous solubility, autofluo-
rescence, and molecular weight, can vary the modulating effects
of small molecules dramatically. Furthermore, Cas9 is a single
www.drugdiscoverytoday.com 963
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turnover protein that exhibits fast kinetics with sgRNA and DNA.
The interactions between small molecules and the dynamic con-
formational alterations of Cas9 and the Cas9 complex need to be
further investigated. In addition, for the ideal therapeutic appli-
cations of CRISPR/Cas9, Cas9 activity in ancillary tissues can be
blocked after effectively editing specific target tissues.127 There-
fore, to broaden the potential therapeutic use of Cas9 inhibitors,
the expression and activity of Cas9 with inhibitor treatment
need to be monitored before and after CRISPR/Cas9 overexpres-
sion in target tissues.

Overall, small molecules are promising ways for precisely con-
trolling and enhancing CRISPR/Cas9 genome editing, especially
when combined with other approaches. For instance, delivery of
the Cas9 RNP complex with electroporation, lipofection, or
nucleofection, exhibited diverse enhancing or inhibiting effects
on CRISPR/Cas9-mediated genome editing with small-molecule
treatment.48,86,122 Different types of donor template (ssODNs or
dsODNs) affect the enhancing effects of small molecules on
CRISPR/Cas9.56 Combined small molecules show an additive
enhancing effect on CRISPR/Cas9-induced HDR efficiency.56

Identified Cas9 inhibitors or enhancers might contribute to
964 www.drugdiscoverytoday.com
proteolysis-targeting chimeras (PROTAC) technology by linking
small molecules with a ubiquitin-ligase binder, which might
effectively degrade the Cas9 protein in cells.36 Collectively, small
molecules are able to effectively modulate CRISPR/Cas9 activity
in various cell types and other CRISPR/Cas-based systems, such
as CRISPR/Cpf1, CBE, and might be prime editors in the future.
However, additional work to reveal the accurate interactions
between small molecules and Cas9 endonuclease and to expand
CRISPR/Cas9 therapeutic applications by small molecules is
required.
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