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ABSTRACT

Genome editing using clustered regu-
larly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9)

predominantly induces non-homologous end joining
(NHEJ), which generates random insertions or
deletions, whereas homology-directed repair (HDR),
which generates precise recombination products, is
useful for wider applications. However, the factors
that determine the ratio of HDR to NHEJ products
after CRISPR/Cas9 editing remain unclear, and
methods by which the proportion of HDR products
can be increased have not yet been fully established.
We systematically analyzed the HDR and NHEJ prod-
ucts after genome editing using various modified
guide RNAs (gRNAs) and Cas9 variants with an
enhanced conformational checkpoint to improve the
fidelity at endogenous gene loci in HEK293T cells
and HelLa cells. We found that these modified gRNAs
and Cas9 variants were able to enhance HDR in
both single-nucleotide substitutions and a multi-kb
DNA fragment insertion. Our results suggest that
the original CRISPR/Cas9 system from the bacterial
immune system is not necessarily the best option for
the induction of HDR in genome editing and indicate
that the modulation of the kinetics of conformational
checkpoints of Cas9 can optimize the HDR/NHEJ
ratio.

INTRODUCTION

Clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) has rev-
olutionized our ability to edit the genome in basically
all species (1-3). The CRISPR/Cas9 system, which con-
sists of a nuclease (Cas9) and two short single-strand

RNAs (crRNA and tracrRNA), was originally a bacte-
rial adaptive immune system. These two RNAs can be
fused for genome editing as single-guide RNA (sgRNA)
(For simplicity, we use the term ‘guide RNA (gRNA)’ to
mean sgRNA in this manuscript) (2). Cas9 and a gRNA
form a ribonucleoprotein complex and bind to genomic
DNA. The Cas9—gRNA complex scans the genome to iden-
tify a protospacer adjacent motif (PAM) and then a ge-
nomic DNA sequence adjacent to PAM that matches the
gRNA sequence to cleave it (4). This scanning process de-
pends on three-dimensional gRNA-dependent and gRNA-
independent interactions of the Cas9-gRNA complex to
DNA. The gRNA-dependent interaction is derived from
the base-paring between a gRNA and genomic DNA. In
contrast, the gRNA-independent interactions take place
between genomic DNA and the amino acid residues of
Cas9, including the PAM recognition (5). Based on these
findings, two groups have independently developed SpCas9
variants in which this gRNA-independent DNA interaction
is altered (eSpCas9(1.1) and SpCas9-HF1) and shown that
these variants have fewer off-target effects than wild-type
(WT) Cas9 (6,7).

An alternative approach to improve the specificity of
Cas9 is to modify gRNAs by removing 5’ nucleotides from
the standard 20 nt gRNAs (especially, 17 nt gRNAs have
been proposed to be the best as tru-gRNAs) or adding ex-
tra 5’ guanines to compromise the optimum interaction be-
tween the target DNA and the Cas9—gRNA complex (8,9).
Recently, a conformational change from an inactive state
to an active state of the HNH nuclease domain of Cas9
was shown to be a checkpoint of mismatches between target
DNA and a gRNA, and these Cas9 variants and the mod-
ified gRNAs improved the fidelity of Cas9 by making the
threshold for this checkpoint higher than that of WT Cas9
(10,11). It has also been shown that the REC3 domain of
Cas9 recognizes the mismatches between the target DNA
and a gRNA to control the conformational change of the
HNH domain, and mutagenesis in the REC3 domain led to
the creation of yet another Cas9 variant with higher fidelity,
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HypaCas9 (10). Thus, the conformational checkpoint of
Cas9 for proof-reading is based on the interactions between
the REC3 domain and the gRNA/DNA heteroduplex that
allosterically determine whether the HNH nuclease domain
transitions from the inactive state to the active state. There-
fore, different thresholds for the conformational checkpoint
can affect the overall kinetics of how Cas9 cleaves and dis-
sociates from DNA.

When a conformational change in the HNH domain oc-
curs by matched base-pairing between a gRNA and target
DNA, Cas9 generates a double-strand break (DSB) at the
target site to activate two endogenous DNA repair path-
ways in the cell: homology-directed repair (HDR) and non-
homologous end joining (NHEJ). HDR is based on DNA
recombination between the genomic DNA and homolo-
gous template DNA, which facilitates precise genome edit-
ing when the exogenous donor DNA is provided to the cells.
In contrast, NHEJ is a template-free, error-prone repair
mechanism in which the broken ends of DNA are joined
together, often with random insertions or deletions (indels)
(12). Thus, NHE] is often used to disrupt genes by creating
frameshift mutations.

In general, CRISPR/Cas9 is very efficient at inducing
NHEJ and has already been established as an excellent
tool for knocking-out genes in various species (13). Sev-
eral studies are currently investigating the clinical appli-
cations of exploiting the high NHEJ-induction activity of
CRISPR /Cas9—such as the disruption of CCRS5 and PD-
1 for HIV and cancer therapy, respectively (14-17). When
donor DNA is provided, both HDR and NHEJ can be ac-
tivated concurrently, even within a single cell. In general,
however, NHEJ is predominant.

When precise genome editing based on HDR is needed,
the random indels produced by NHEJ represent harmful
byproducts (18). The inefficiency of CRISPR/Cas9 in in-
ducing HDR without NHEJ is currently limiting its po-
tential for even wider applications, such as gene correction
therapy by HDR. Significant efforts have been made to en-
hance HDR and suppress NHEJ. The synchronization of
the cell cycle and the timed delivery of the CRISPR /Cas9
system as a ribonucleoprotein complex (rather than a plas-
mid) enhances HDR while minimizing NHEJ (19). The lig-
ase 4 inhibitor SCR7 can suppress NHEJ (20,21), and the
inhibition of 53BP1 is effective for enhancing HDR (22).
Asymmetric oligonucleotide donor DNA can also enhance
HDR (23). Base editors that exchange nucleobases with-
out creating DSBs are available for certain single-nucleotide
substitutions (24,25). However, the factors that determine
the balance of HDR and NHEJ induced by CRISPR /Cas9
remain unclear, hampering efforts to induce HDR more fre-
quently.

To analyze the balance of HDR and NHEJ, we must de-
tect and quantify these activities. However, no assays that
can efficiently accomplish this task have yet been devel-
oped. We recently developed a droplet digital polymerase
chain reaction (ddPCR)-based method that can be used
to efficiently quantify genome editing outcomes at endoge-
nous gene loci (18,26). Our method allows for the system-
atic evaluation of the HDR and NHEJ activities of various
genome editing conditions to clarify what determines the
balance of HDR and NHEJ. Therefore, we tested various

modified gRNAs and Cas9 variants with modified inter-
actions with DNA, including eSpCas9(1.1), SpCas9-HF1,
and HypaCas9 to address the impact of the altered con-
formational checkpoint on the balance between HDR and
NHEIJ. Our findings provide new insight into how the bal-
ance of CRISPR /Cas9-induced HDR and NHE]J is deter-
mined.

MATERIALS AND METHODS
Statistical analyses

The transfection experiments in HEK293T cells and HeLa
cells were performed in triplicate (three biological repli-
cates). A two-tailed Student’s #-test was performed to an-
alyze the differences between WT Cas9 and the Cas9
variants, and the standard gRNA and the gRNAs with
different-length. No samples were excluded.

Plasmids and oligonucleotides

The plasmids for expression of the Cas9 variants that
we created are available via Addgene (Addgene #108292—
108302). We used pX459 V2.0 (Addgene #62988) for the
transient coexpression of WT SpCas9 and the puromycin-
resistant gene. The Cas9 sequence in pX459 V2.0 was re-
placed by that of eSpCas9(1.1) (Addgene #71814) for the
expression of eSpCas9(1.1). The N497A, R661A, Q695A,
and Q926A mutations and the N692A, M694A, Q695A,
and H698 A mutations were introduced into pX459 V2.0 for
SpCas9-HF1 and HypaCas9, respectively. The Y450A and
R661A mutations in SpCas9-HF1 were introduced and re-
verted, respectively, to generate the SpCas9-HF1 variants.
The K848A, K810A, and K855A mutations were intro-
duced into WT Cas9 and eSpCas9(1.1) to generate the eS-
pCas9(1.1) variants. The oligonucleotide donors were all
60 nt; point mutations were present in the middle of the
oligonucleotide donors, as described previously (18). Sense
and anti-sense oligonucleotides were annealed by a thermal
cycler and purified by ethanol precipitation, so they were
all double-stranded unless otherwise noted. The sequences
of the oligonucleotide donors and gRNAs that were used
in this study are summarized in Supplementary Tables S1
and S2. All of the oligonucleotide donors and oligonu-
cleotides for gRNA cloning, which were purified by stan-
dard desalting, were purchased from FASMAC, Japan. The
knock-in experiment was done with pX330 (for WT Cas9)
(Addgene #42230), eSpCas9(1.1), pX330 with the N497A,
R661A, Q695A, and Q926A mutations (for SpCas9-HF1),
and N692A, M694A, Q695A and H698A mutations (for
HypaCas9). AAV-CAGGS-EGFP (Addgene #22212) as a
targeting vector and AAVS1 gRNA-T2 were used for target-
ing (3,27). For the genotyping PCR in the AAVSI targeting
experiment, we used the AAV 5’ J F, Puro J R and AAV WT
R primers from Mandegar et al. (28) and designed the AAV
WT F2 primer (Supplementary Table S3).

HEK?293T cell and HeLa cell culture, transfection and selec-
tion of transfected cells

HEK293T cells and HeLa cells were maintained in Dul-
becco’s modified Eagle medium (DMEM) with high glu-
cose, sodium pyruvate, and L-glutamine (Thermo Fisher



Scientific, USA) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific). For transfection, 3 x 10* cells
and 2 x 10* cells were plated into each well of a 96-well
plate for HEK293T cells and HeLa cells, respectively. One
day later, the cells were transfected with 90 ng of a plasmid
for nucleases and 10 ng of oligonucleotide donor DNA us-
ing 0.3 pl of Lipofectamine 2000 (Thermo Fisher Scientific)
per well for HEK293T cells and 0.3 ul of Lipofectamine
3000 and 0.2 .l of P3000 reagent (Thermo Fisher Scientific)
for HeLa cells per well, according to the manufacturer’s in-
structions. The media was exchanged for the same media
supplemented with 5 pg/ml and 0.5 pwg/ml of puromycin
for HEK293T cells and HeL a cells, respectively, 1 day after
transfection. We found that these conditions were optimum
for eliminating cells that were not transfected while keep-
ing transfected cells alive (Supplementary Figure S1). Ge-
nomic DNA was extracted from the cells as described pre-
viously (18) 2 and 4 days after the addition of puromycin
for HEK293T cells and HeLa cells, respectively. Genomic
DNA was resuspended in 30 pl of water per well.

AAVSI1 targeting of by reverse transfection of HEK293T
cells

Lipofectamine 2000 complex for reverse transfection was
prepared in a 1.5-ml tube using 100 ng of pX330 or a pX330-
based plasmid for a Cas9 variant, 100 ng of AAV-CAGGS-
EGFP, and 0.6 pl of Lipofectamine 2000 in 20 .l of OPTI-
MEM (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. HEK293T cells were detached from
a plastic dish and resuspended in DMEM with high glucose,
sodium pyruvate, and L-glutamine supplemented with 10%
fetal bovine serum at 3 x 10° cells/ml. We transferred 200
wl of the cell suspension (6 x 10* cells) into the 1.5 ml tube
and mix the cells with the complex. The mixture was incu-
bated at room temperature for 30 min. We plated 110 wl of
the mixture (3 x 10* cells) in a well of a 96-well plate to mon-
itor the NHEJ activity 3 days after transfection. The rest of
the cells were resuspended in 10 ml of the media and plated
in an entire 96-well plate (300 cells/well). The media was
changed to the same media supplemented with 0.5 pg/ml
puromycin, which was exchanged once a week. Pictures of
the plates were taken, the EGFP and Hoechst 33342 fluo-
rescence was observed by using BZ-X700 (Keyence, Japan),
and the genomic DNA was extracted from the surviving
cells 19 days after transfection. PrimeSTAR Max DNA
Polymerase (Takara Bio, Japan) and Phusion High-Fidelity
DNA Polymerase (New England Bio-Labs, USA) were used
for genotyping PCR. The sequences of the primers and the
detailed protocol for PCR are summarized in Supplemen-
tary Table S3. The frequencies at which HEK293T cells ac-
quired puromycin-resistance were calculated from the num-
ber of wells with the resistant cells as follows:

96 — N
Frequency (%)= —In (Tp> / 300 x 100

where Np = the number of wells with yellow media color
due to the presence of surviving cells. This is based on the
fact that the number of puromycin-resistant cells per well
follows Poisson distribution, and the same strategy was de-
scribed before (29).
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ddPCR assay to detect HDR and NHEJ

Most of the ddPCR assays for RBM20, GRN, and ATP7B
were described and validated in our previous publication
(18). The protocols for the ddPCR assays were the same as
previously described. For some gRNAs, we designed new
hydrolysis probes to detect NHEJ at the cut sites (Supple-
mentary Figure S2). The ddPCR assay for AAVS1 to mea-
sure NHEJ was carried out using HindIII to digest the ge-
nomic DNA and the same thermal cycles as for the RBM20
assays. The full information on all of the probes and primers
used in the ddPCRs is shown in Supplementary Tables S4
and S5. Typical 2D ddPCR plots are shown in Supplemen-
tary Figures S3 and S6B.

RESULTS

ddPCR-based assay to quantify the HDR and NHEJ activi-
ties in endogenous gene loci

To quantify the HDR and NHEJ activities induced by Cas9
in endogenous gene loci, we introduced three pathogenic
point mutations—RBM20 R636S, GRN R493X and
ATP7B R778L (Supplementary Table S6)—by HDR us-
ing donor oligonucleotide DNA (Supplementary Table S1).
The allelic frequencies of the desired point mutation and
the indels were monitored as the HDR and NHEJ activi-
ties, respectively (Figure 1A). We chose these three targets
because we had already established a ddPCR-based system
with allele-specific hydrolysis probes to precisely quantify
the allelic frequencies in these three genes (Supplementary
Figures S2 and S3) (18). As we used the human U6 pro-
moter to drive the gRNA expression, the gRNAs required
a guanine at the 5’ end for their optimum expression. We
therefore first designed a total of nine perfectly matched gR-
NAs with an endogenous 5° guanine (RBM20-1-4, GRN-1
and 2, and ATP7B-1-3) (Figure 1B-D and Supplementary
Table S2). We tested 60-nt sense, anti-sense, and annealed
double-stranded donor oligonucleotide DNAs with three
gRNAs (RBM20-2, GRN-2, and ATP7B-g5, which was a
gRNA with an extra 5’ guanine; see below), combined with
WT Cas9 and found that the double-stranded donors gave
the highest HDR-to-NHE]J ratio for all three gRNAs (Sup-
plementary Figure S4). Therefore, we decided to use the an-
nealed double-stranded donors for subsequent experiments.

Genome editing activities of Cas9, eSpCas9(1.1), SpCas9-
HF1, and HypaCas9

We hypothesized that the altered conformational check-
point of the high-fidelity Cas9 variants would affect not
only the fidelity of genome editing but also the HDR and
NHEJ activities, as it changes the kinetics of the DNA
cleavage and potentially the Cas9-DNA interaction af-
ter the cleavage, which would influence how the DNA re-
pair machinery and donor DNA interact with the genomic
DNA. We therefore introduced the disease-associated point
mutations by WT Cas9, eSpCas9(1.1), SpCas9-HF1, and
HypaCas9 with identical gRNAs in RBM20, GRN and
ATP7B, in HEK293T cells and HeLa cells.

To eliminate variations in the transfection efficiency, we
puromycin-selected transfected cells based on the coexpres-
sion of the puromycin-resistant gene together with Cas9 and
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Figure 1. The HDR and NHEJ activities of Cas9, eSpCas9(1.1), SpCas9-HF1, and HypaCas9 with perfect-match gRNAs in RBM20, GRN, and ATP7B
in HEK293T cells and HeLa cells. (A) The design of the assay to quantify the HDR and NHEJ activities of a Cas9-gRNA complex. A Cas9-gRNA



a gRNA. We confirmed that the background noise of the
assays was negligible (<0.1%) (Figure 1E-G) and found
that the three Cas9 variants showed distinctive activities
from WT Cas9 (Figure 1E-J). Overall, the three variants
increased HDR and/or decreased NHEJ with many gR-
NAs. Only RBM20-3 in HEK293T cells induced HDR and
NHEJ basically at the same level with WT Cas9 and the
Cas9 variants. The enhancement in HDR was most evi-
dent with ATP7B-3 in HEK293T cells, as all the three Cas9
variants induced more than three times more HDR than
WT Cas9. We also observed that the three variants be-
haved differently in some target sites. For example, each
variant showed quite unique HDR and NHEJ activities
with RBM20-4, while only HypaCas9 induced more HDR
and less NHEJ than WT Cas9 with ATP7B-2. No clear dif-
ference in the susceptibility to the Cas9 variants was ob-
served between gRNAs on the sense and anti-sense strands
(Figure 1E-J). We also calculated the HDR/NHEJ ratio
in HEK293T cells and HeLa cells in Figure 1E-J. Of the
nine gRNAs we tested, eSpCas9(1.1), SpCas9-HF1, and
HypaCas9 gave HDR/NHEJ ratios higher than those of
WT Cas9 with four, six and seven gRNAs, respectively (Fig-
ure 1K). The positive effects on HDR of the Cas9 vari-
ants were less evident in HeLa cells than in HEK293T
cells, but SpCas9-HF1 and HypaCas9 still increased the
HDR/NHE] ratio over that of WT Cas9 with one and two
gRNAs out of the nine gRNAs, respectively (Figure 1K).
Notably, most of the conditions with the three Cas9 vari-
ants did not reduce the HDR /NHE]J ratio to below that of
WT Cas9 in either HEK293T or HeLa cells (Figure 1K).

Taken together, these results indicated that the al-
tered conformational checkpoint of Cas9 strongly affects
its HDR and NHEJ activities, which can increase the
HDR /NHE]J ratio by up to 6.9-fold (with HypaCas9 and
ATP7B-2) and 7.7-fold (with HypaCas9 and GRN-1) in
HEK293T cells and HeLa cells, respectively (Figure 1K).
Therefore, Cas9 variants with perfect-match gRNAs can
help enhance HDR while exerting reduced off-target effects.
Of particular note, HypaCas9 showed the greatest impact
on improving the HDR /NHE]J ratio.

Influence of guanines at the 5’ end of gRNAs on the outcomes
of genome editing

When driving the expression of gRNAs by the human
U6 promoter, it is necessary to add an extra 5’ guanine
when the gRNA does not have an endogenous one. It was
also demonstrated that the addition of extra 5’ guanines
affects the interaction of the Cas9-gRNA complex with
DNA, which results in better proof-reading, most likely via

Nucleic Acids Research, 2018, Vol. 46, No. 9 4681

a higher threshold for the conformational checkpoint of
Cas9, as shorter gRNAs (a similar approach) have been
shown to modulate the checkpoint (9,30).

As we noted that changes in the conformational check-
point of Cas9 strongly influenced the genome editing out-
comes (Figure 1), we designed a total of 11 gRNAs with
an extra 5’ guanine (RBM20-gl and RBM20-g2, GRN-
gl-3 and ATP7B-gl-6) (Figure 2A—C and Supplementary
Table S2) and induced disease-associated mutations using
WT Cas9, eSpCas9(1.1), SpCas9-HF1, and HypaCas9. For
most of the gRNAs with an extra 5” guanine that we tested,
all of the Cas9 variants showed substantially lower activities
for both HDR and NHEJ in HEK293T cells and HeLa cells
compared to WT Cas9 (Figure 2D-I). This was probably
because the compound effect of the Cas9 variants and the
mismatched guanine in gRNAs raised the threshold for the
conformational checkpoint too excessively. GRN-g2 and
ATP7B-g4 were the only exceptions in HEK293T cells, with
which the three Cas9 variants were able to induce HDR at
a comparable or higher level while inhibiting NHEJ com-
pared to WT Cas9 (Figure 2E and F). With the other nine
gRNAs, the three Cas9 variants induced only one third or
less HDR or NHEJ in HEK293T cells or HeLa cells com-
pared to WT Cas9 on average. At present, how GRN-g2 and
ATP7B-g4 differ from the other nine gRNAs is unclear, but
the same trend was observed in HeLa cells as well (Figure
2H and I). Kleinstiver et al., Kim et al., and Zhang et al.
also observed the same suppressive effect on the NHEJ ac-
tivity of gRNAs with a mismatched 5’ guanine combined
with Cas9 variants (6,31,32). These results indicate that the
Cas9 variants combined with a gRNA with an extra 5° gua-
nine tend to have a threshold for the conformational check-
point that is so stringent that genome editing events can be
induced only at a low level.

Ultility of gRNAs of different lengths for identifying the op-
timum threshold for the conformational checkpoint of Cas9
for inducing HDR and suppressing NHEJ

Given our finding that the threshold for the conforma-
tional checkpoint of Cas9 strongly affects the genome edit-
ing outcomes, we further addressed the relationship be-
tween the conformational checkpoint and the HDR- and
NHEJ-inducing activities by testing multiple gRNAs of var-
ious lengths combined with WT Cas9 in HEK293T cells. As
described above, an extra 5° guanine is expected to increase
the threshold for the conformational checkpoint of Cas9
(Figure 2). We therefore designed gRNAs with one, two
and three extra 5’ nucleotides (mainly guanines) or extra
matched endogenous nucleotides for RBM20-2, RBM20-3,

complex was designed to cleave the genome DNA adjacent to a mutation site. Double-stranded oligonucleotide donor DNA was used to induce a point
mutation (C— A in this example). The frequencies of the resulting three alleles (wild-type, HDR, and NHEJ) were quantified by ddPCR to measure the
HDR and NHEJ activities. (B-D) Perfect-match gRNAs tested in RBM20 (B), GRN (C) and ATP7B (D). The PAMs, cleavage sites, and point mutation
sites are represented by red lines, yellow triangles, and magenta characters, respectively. (E-J) The HDR and NHEJ activities in HEK293T cells (E-G) and
HeLa cells (H-J) of Cas9, eSpCas9(1.1), SpCas9-HF1, and HypaCas9 with perfect-match gRNAs in RBM20 (E and H), GRN (F and I), and ATP7B (G
and J). The frequencies of the HDR alleles (red) and NHEJ alleles (blue) among the total alleles + S.E. are shown (n = 3). The assay backgrounds (which
are negligible) of the probes used in this study are also shown on the right in (E-G). Student’s z-test was used to evaluate the difference in the HDR and
NHE]J activities between WT Cas9 and the three Cas9 variants. *P < 0.05 and **P < 0.01. (K) The HDR/NHEJ ratio induced by Cas9 and its variants
in HEK293T cells and HeLa cells. The values + S.E. calculated from (E-J) are shown (n = 3). Student’s z-test was used to evaluate the difference between

WT Cas9 and the three Cas9 variants. *P < 0.05 and **P < 0.01.
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Figure 2. The HDR and NHEJ activities of Cas9, eSpCas9(1.1), SpCas9-HF1, and HypaCas9 with gRNAs with an extra 5’ guanine in HEK293T cells
and HeLa cells. (A-C) gRNAs with an extra 5° guanine tested in RBM20 (A), GRN (B) and ATP7B (C). PAMs, cleavage sites, and point mutation sites
are represented by red lines, yellow triangles and magenta characters, respectively. For each gRNA, an extra guanine was added at the 5’ end to allow the
expression by the U6 promoter, which is represented by blue Gs. (D-I) HDR and NHEJ activities of Cas9, eSpCas9(1.1), SpCas9-HF1 and HypaCas9
in HEK293T cells (D-F) and HeLa cells (G-1) with gRNAs with an extra guanine in RBM20 (D and G), GRN (E and H) and ATP7B (F and I). The
frequencies of the HDR alleles (red) and NHEJ alleles (blue) among the total alleles £+ S.E. are shown (rn = 3). Student’s 7-test was used to evaluate the
difference in the HDR and NHEJ activities between WT Cas9 and the three Cas9 variants. *P < 0.05 and **P < 0.01. In general, gRNAs with an extra 5’
guanine combined with the Cas9 variants exhibited very low activities compared to WT Cas9.

RBM?20-g2, GRN-1, GRN-2, GRN-gl, ATP7B-1, ATP7B-
g2 and ATP7B-g5 to incrementally increase the threshold
for the conformational checkpoint of Cas9. The removal
of a few 5" nucleotides from the standard 20 nt gRNAs is
known to be effective for reducing off-target damage in the
genome via improved conformational checkpoint (8,11).
We therefore also designed several shorter gRNAs to gen-
erate a series of gRNAs (Figure 3).

As expected, the gRNAs of different lengths exhibited
different HDR and NHEJ events. We were able to identify
at least one gRNA length that induced more HDR and/or
less NHEJ than the original gRNA length with RBM20-
2 (2+GAA, 2+GGG, 2+GG, 2+GC, 2-17+G), RBM20-3
(3+GGG, 3+GQG, 3-17), GRN-1 (1+GG, 1-19, 1-17+G),
GRN-2 2+GAA, 2+GGG, 2+GA, 2+GG and 2-17), and
GRN-gl (g1+G) (Figure 3). These results showed that the
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Figure 3. The HDR and NHEJ activities of gRNAs of different lengths combined with Cas9 in HEK293T cells. The design of the gRNAs with different
lengths for RBM20-2, RBM20-3, RBM20-g2, GRN-1, GRN-2, GRN-gl, ATP7B-1, ATP7B-g2 and ATP7B-g5. The genomic sequences are shown above
the gRNA series. The gRNA series of RBM20-2 and GRN-2 included ones with extra nucleotides of the endogenous genomic sequence or non-guanine
extensions. Extra nucleotides that match and do not match the endogenous sequences are highlighted in green and blue, respectively. The frequencies of
the HDR alleles (red) and the NHEJ alleles (blue) among the total alleles & S.E. induced by WT Cas9 and these gRNA series are shown (n = 3). Student’s
t-test was used to evaluate the difference in the HDR and NHEJ activities between the original gRNA and the modified gRNAs. *P < 0.05 and **P <
0.01.
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thresholds for the conformational checkpoints to induce the
maximum HDR and NHEJ for some gRNAs are different.
However, the other four gRNAs, RBM20-g2, ATP7B-1,
ATP7B-g2 and ATP7B-g5, exhibited similar trends in both
the HDR and NHEJ activities at different lengths (Figure
3).

We also addressed whether or not certain combinations
of a Cas9 variant and gRNA of different lengths exerted
compound effects on genome editing, as combining these
two approaches was expected to further increase the thresh-
old for the conformational checkpoint. To this end, we in-
troduced point mutations in HEK293T cells with gRNA se-
ries of RBM20-2 and GRN-2 combined with eSpCas9(1.1).
As expected, we found that eSpCas9(1.1) was more sensitive
to differences in the gRNA length than WT Cas9, so eSp-
Cas9(1.1) lost most of its activity with several gRNAs (Sup-
plementary Figure S5). However, four gRNAs (RBM20-
2+G, RBM20-2-19, GRN-2+G and GRN-2-17) enhanced
HDR and/or inhibited NHEJ (Supplementary Figure S5).
Therefore, combinations of a Cas9 variant and a gRNA
of different lengths may be useful for adjusting conforma-
tional checkpoints to achieve the best HDR /NHEJ ratio.

Ultility of Cas9 variants with altered interaction with DNA to
identify the optimum conformational checkpoint of Cas9 for
the induction of HDR

To further confirm the existence of optimum thresholds for
the conformational checkpoint of Cas9 for inducing HDR
and NHEJ, we next tested a series of Cas9 variants with al-
tered interactions with DNA in addition to eSpCas9(1.1)
and SpCas9-HF1 in HEK293T cells. eSpCas9(1.1) and
SpCas9-HF1 have three (K848A, K1003A, and R1060A)
and four (N497A, R661A, Q695A and Q926A) point mu-
tations, respectively, for modifying the gRNA-independent
interaction of Cas9 to DNA, which also results in an in-
creased conformation threshold for the activation of the
HNH domain (Figure 4A) (6,7,10,11).

Based on the results of previous studies, we added or
reverted mutations to incrementally modify the interaction
between Cas9 and DNA. For eSpCas9(1.1), we intro-
duced either or both the K810A and K855A mutations
(eSpCas9(1.1)+K810A, eSpCas9(1.1)+K855A, and eSp-
Cas9(1.1)+K810A+K855A). The eSpCas9(l.1)+K810A
and eSpCas9(1.1)+K855A variants were expected to
have a similar interaction profile to DNA, whereas
eSpCas9(1.1)+K810A+K855A were expected to have
the fewest interactions with DNA. We also reverted
the KI1003A and RI1060A mutations in eSpCas9(l.1)
(Cas9+K848A). For SpCas9-HF1, we added the Y450A
mutation to remove this residue’s interaction with DNA
(published as SpCas9-HF4) (6). We also reverted the
R661A mutation in SpCas9-HF1 to create a Cas9 variant
(Cas9+N497A+Q0695A+Q926A) with an intermediate
interaction between WT Cas9 and SpCas9-HF1 (Fig-
ure 4A). With these modifications, the generated Cas9
series were expected to have different thresholds for the
conformational checkpoint (Figure 4A).

We tested these Cas9 series with RBM20-2, RBM20-3,
RBM?20-g2, GRN-1, GRN-2, GRN-gl, ATP7B-1, ATP7B-
g2 and ATP7B-g5. The incremental alteration of Cas9-
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Figure 4. The HDR and NHEJ activities of the Cas9 variants with altered
thresholds for the conformational checkpoint in HEK293T cells. (A) The
Cas9 variants tested in this study. WT Cas9 and eight eSpCas9(1.1) and
SpCas9-HF1 variants were tested. The point mutations for those variants
and the estimated thresholds for the conformational checkpoint of these
variants are shown. (B-D) The HDR and NHEJ activities of the Cas9
variants with the RBM20 (B), GRN (C) and ATP7B (D) gRNAs. The fre-
quencies of the HDR alleles (red) and NHEJ alleles (blue) among the to-
tal alleles & S.E. are shown (n = 3). Student’s ¢-test was used to evaluate
the difference in the HDR and NHEJ activities between WT Cas9 and the
Cas9 variants. *P < 0.05 and **P < 0.01. With RBM20-g2, ATP7B-g2 and
ATP7B-g5, the HDR and NHEJ frequencies were very well correlated, and
no variant was able to increase the HDR /NHEJ ratio. With all six of the
other gRNAs, at least two variants increased the HDR/NHEJ ratio, sug-
gesting the existence of optimum thresholds for the conformational check-
point.



DNA interaction highlighted the existence of a minimum
interaction between Cas9 and DNA required to edit the
genome. eSpCas9(1.1)+K810A+K855A induced extremely
little HDR and NHEJ with all nine tested gRNAs (Fig-
ure 4B-D). We speculate that this was because this vari-
ant did not generate sufficient interaction with DNA to in-
duce genome editing. The gRNAs with an extra 5° guanine
generally generated less HDR and NHEJ with the Cas9
variants than the perfect-match gRNAs. However, ATP7B-
1 exhibited almost no genome editing activity with eS-
pCas9(1.1)+K810A, eSpCas9(1.1)+K855A, and SpCas9-
HF4, despite it being a perfect-match gRNA, highlight-
ing the gRNA sequence-dependency of the threshold for
the minimum interaction between Cas9 and DNA (Figure
4D). With the other four perfect-match gRNAs (RBM20-
2, RBM20-3, GRN-1 and GRN-2), eSpCas9(1.1)+K810A,
eSpCas9(1.1)+K855A and SpCas9-HF4 were able to en-
hance HDR and/or inhibit NHEJ, suggesting that these
variants can be good options for perfect-match gRNAs
(Figure 4B-D).

These results again demonstrate that the threshold level
of the conformational checkpoint of Cas9 strongly influ-
ences genome editing, which can occur at different ex-
tents for HDR and NHEJ. There seems to be an opti-
mum level of conformational checkpoint to achieve the best
HDR /NHE] ratio, which is also dependent on the sequence
of gRNAs.

Effects of Cas9 with improved proof-reading on the integra-
tion of a larger DNA fragment into the genome via HDR

We next addressed whether or not the Cas9 variants with
improved proof-reading also have positive effects on knock-
in of a larger DNA fragment into the genome via HDR in
addition to single-nucleotide substitutions, as we had al-
ready clarified in our ddPCR-based assay (Figures 1-4).
For this purpose, we knocked an ~4.2-kb DNA fragment
consisting of a splicing acceptor, puromycin-resistant gene,
and EGFP gene driven by the CAG promoter into the
adeno-associated virus integration site (AAVS)1 (27) using
the AAVS1 gRNA-T?2 (a perfect-match gRNA, Supplemen-
tary Table S2) (3) combined with WT Cas9, eSpCas9(1.1),
SpCas9-HF1 and HypaCas9 (Figure 5A).

We reverse-transfected HEK293T cells in a 1.5-ml tube
and plated them into 96-well plates (Figure 5B). One well
per sample was used to monitor NHEJ events at the AAVS1
by ddPCR (Supplementary Figure S6A and B, and Sup-
plementary Table S4), and we found that only HypaCas9
induced a lower amount of NHEJ than WT Cas9 (Fig-
ure 5B and C). We selected HEK293T cells that had ac-
quired puromycin-resistance in 96-well plates and visual-
ized the wells with the surviving cells based on the color
of the culture media, which contained phenol-red (Fig-
ure 5B and D). We confirmed that the color of the media
well reflected the survival of the cells (Supplementary Fig-
ure S6C). We observed a striking difference between the
WT Cas9 and the Cas9 variants. Based on the number of
wells with puromycin-resistant cells, we calculated the fre-
quency at which cells acquired resistance. Some cells ac-
quired puromycin-resistance even after transfected with an
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unrelated gRNA (control), probably due to random inte-
gration of the targeting vector (Figure 5D and E). WT Cas9
did not show a markedly improved frequency of acquisi-
tion of puromycin-resistance, although the difference be-
tween the control and WT Cas9 was still statistically signif-
icant (Figure SE). To our surprise, eSpCas9(1.1), SpCas9-
HF1, and HypaCas9 generated markedly higher frequen-
cies of acquisition of puromycin-resistance than WT Cas9,
although the difference between WT Cas9 and SpCas9-HF1
was not statistically significant (P = 0.052 by Student’s ¢-
test) due to a relatively large variation in the triplicates of
SpCas9-HF1 (Figure 5D and E).

We examined whether or not these puromycin-resistant
cells were correctly targeted at the AAVS1 by 5° junction
PCR of the integrated DNA fragment and confirmed that
more than 75% of the wells with surviving cells contained
correctly targeted cells with all the three Cas9 variants,
whereas the frequency was only approximately 36% for WT
Cas9 (Figure 5B, F and Supplementary Figure S7).

We also examined the fluorescence of EGFP in the junc-
tion PCR-positive wells to discriminate partial integration
of the cassette (Figure 5G). We found that more than
87% of the junction PCR-positive wells were also EGFP-
positive with all WT Cas9, eSpCas9(1.1), SpCas9-HF1,
and HypaCas9, and there was no marked difference in the
frequency of partial integration of the cassette contain-
ing EGFP (Supplementary Figure S6D). Taken together,
these data showed that the threshold for the conforma-
tional checkpoint of the Cas9—gRNA complex is a general
and fundamental determinant of the HDR- and NHEJ-
inducing activities of CRISPR/Cas9, not only for single-
nucleotide substitutions but also for knock-in of larger
DNA fragments via HDR.

DISCUSSION

Given that the CRISPR/Cas9 system was originally an
adaptive immune system in bacteria, it is unsurprising that
the authentic CRISPR/Cas9 components are not neces-
sarily ideal for genome editing of mammalian cells. Mod-
ifications will be required for certain applications of the
CRISPR/Cas9 system, including therapeutic and experi-
mental purposes.

We hope to find ways to enhance HDR and/or inhibit
NHEJ, as the authentic CRISPR/Cas9 system predomi-
nantly induces NHEJ. The modified conformational check-
point threshold, which was originally meant to improve
the fidelity of CRISPR /Cas9, changes the kinetics of DNA
cleavage and potentially the interaction of the Cas9—gRNA
complex with the target DNA, which then affects the inter-
action of the cleaved genomic DNA with the donor DNA
and DNA repair mechanisms. Therefore, we systematically
addressed the HDR- and NHEJ-inducing activities of vari-
ous Cas9 variants and modified gRNAs with enhanced con-
formational checkpoint.

Although the exact mechanism is unclear at present,
we found that an altered conformational checkpoint was
able to enhance the HDR-inducing activity of Cas9. In-
terestingly, HDR and NHEJ require different levels of the
conformational checkpoint for their maximum induction
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Figure 5. Knock-in of a DNA fragment into AAVS1 via HDR induced by Cas9 and the Cas9 variants in HEK293T cells. (A) A schematic representation
of the AAVSI targeted with an approximately 4.2-kb cassette of a puromycin-resistant gene and EGFP driven by the CAG promoter. Cas9 and the Cas9
variants combined with the AAVS1 gRNA-T2 were used. (B) A schematic representation of transfection and an analysis of the cells. HEK293T cells were
reverse transfected with a plasmid for the dual expression of Cas9 or a Cas9 variant and a gRNA, and the targeting donor plasmid. Half of the transfected
cells were used to monitor NHEJ by ddPCR. The other half of the cells were plated in a 96-well plate and selected for puromycin-resistant cells. The survival
of the cells in each well was monitored by the color change induced by the presence of phenol-red in the media. The surviving cells were analyzed by EGFP
observation and 5’ junctional PCR for the correct integration of the fragment. (C) The NHEJ activities of Cas9 and the Cas9 variants at AAVS1. The
frequencies of the NHEJ alleles among the total alleles+S.E. analyzed by ddPCR are shown (n = 3). Student’s #-test was used to evaluate the difference
between WT Cas9 and the Cas9 variants or the control. *P < 0.05. (D) The color of the media in the 96-well plates after puromycin selection. (E) The
frequencies of HEK293T cells that acquired puromycin-resistance. The values £ S.E. are shown (n = 3). Student’s 7-test was used to evaluate the difference
between WT Cas9 and the Cas9 variants or the control. *P < 0.05 and **P < 0.01. (F) The frequencies at which a well containing puromycin-resistant cells
was also positive on 5’ junctional PCR for the correct targeting. The values & S.E. are shown (n = 3). Student’s z-test was used to evaluate the difference
between WT Cas9 and the Cas9 variants or the control. *P < 0.05. (G) Examples of puromycin-resistant cells that were negative and positive for EGFP.
More than 87% of the wells positive on junctional PCR were also positive for EGFP, and we noted no significant differences in this frequency between WT
Cas9 and the Cas9 variants (see also Supplementary Figure S6D). The scale bar is 300 um. The two images are shown at the same scale.

at many target sites, resulting in no correlation between
the HDR- and NHEJ-inducing activities, as we observed
in our previous study (18). Therefore, we can shoot for
‘sweet spots’ for the highest HDR/NHEJ ratio by modi-
fying the Cas9 and/or gRNA at these target sites (Figures
3, 4, and 6A). Interestingly, however, there were some tar-
gets at which the HDR- and NHEJ-inducing activities of
Cas9 were well-correlated, such as RBM20-g2 and ATP7B-
g2 (Figures 3 and 4). At these targets, changes in the confor-
mational checkpoint were still effective in enhancing HDR,
but NHEJ was also enhanced to a similar extent, keeping
the HDR /NHEJ ratio basically constant (Figures 3 and 4).
This suggests the existence of two types of target sites: One
results in non-correlated HDR and NHEJ, while the other
results in well-correlated HDR and NHEJ. Differences in
the gRNA sequence or the targeted DNA strand may cause
the observed differences between these two types of targets,

but further studies will be required to clarify the underlying
mechanism.

Generally, when the modification was too excessive,
the Cas9-gRNA complex lost its activity for both HDR
and NHEJ. This happened with many combinations of
a Cas9 variant and a gRNA with an extra 5’ guanine
(Figure 2), eSpCas9(1.1) combined with gRNAs with
different lengths (Supplementary Figure S5), and eSp-
Cas9(1.1)+K810A+K855A (Figure 4). Under such condi-
tions, the Cas9—gRNA complex may have a threshold for
the conformational checkpoint that is too high to transition
to the active state, or it cannot stably interact with DNA to
allow genome editing to happen. Therefore, the extent of al-
teration of the conformational checkpoint should be care-
fully adjusted to enhance HDR (Figure 6A).

Based on our findings, we propose a practical strategy
for identifying the best genome editing conditions to in-
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cases as a second option. Alternatively, WT Cas9 combined with gRNAs of different lengths can also be tested. When a target sequence requires an extra
5” guanine for a gRNA, WT Cas9 should be used as the first option, as the other Cas9 variants tend to have much lower activities in such situations. Some
gRNAs with altered lengths combined with WT Cas9 can be used as a second option, but this can result in the simultaneous enhancement of NHEJ in

many cases.

duce HDR with less NHEJ using the CRISPR /Cas9 sys-
tem. When using perfect-match gRNAs, HypaCas9 should
be tested first. HypaCas9 increased the HDR/NHEJ ratio
compared to WT Cas9 with the most perfect-match gR-
NAs in HEK293T cells and HeLa cells (Figure 1) and had
lower NHEJ activity than WT Cas9 while exhibiting higher
HDR activity to knock-in an approximately 4.2-kb DNA
fragment at the AAVS1 (Figure 5). eSpCas9(1.1) with and
without the K810A and K855A mutations and SpCas9-
HF1/HF4 are additional options for further improving the
HDR/NHE]J ratio (Figure 4). Alternatively, WT Cas9 can
be combined with altered-length gRNAs (Figure 3). Given
that these Cas9 variants and gRNAs with altered lengths
give improved proof-reading over WT Cas9 and the stan-
dard gRNAs as they were originally developed (6-10), there
seems to be no down side to applying these options to in-
duce HDR (Figure 6B). However, when an extra 5’ guanine
is necessary for a gRNA to be expressed via the U6 pro-
moter, these Cas9 variants tend to increase the threshold for
the conformational checkpoint too much to induce genome
editing (Figure 2). Therefore, WT Cas9 should be combined
with gRNAs with an extra 5’ guanine first. Unfortunately,
there are few options for this type of gRNA. The length of
gRNAs can be modified to further enhance HDR, but it
might increase NHEJ as well (Figure 6B).

CRISPR/Cas9 has been and will be actively applied
to basic life science, industrial, and therapeutic pur-
poses. However, if we can induce HDR more efficiently,
CRISPR /Cas9 will be able to be utilized in even wider ap-
plications. We still do not know exactly how the creation of
a DSB by Cas9 leads to HDR or NHEJ, or the factors that
determine the balance of the two repair pathways. In this re-
port, we revealed that the threshold for the conformational
checkpoint of Cas9 is a key determinant of the balance be-
tween HDR and NHEJ. We hope that our findings will lead
to further studies to elucidate the mechanisms underlying
genome editing by Cas9 and the development of better sys-
tems to induce HDR without NHEJ, which will facilitate a
wide range of applications, including therapies.
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