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Development of the CRISPR-Cas9 gene-editing system has
given rise to a new era of gene editing with wide applications
in biology, medicine, agriculture, and other fields. However,
the overexpression of Cas9 nuclease causes off-target effects
and may trigger an immune response in vivo. Therefore, we
constructed a self-restricting CRISPR-Cas9 system, where the
target gene sequence corresponding to the guide RNA
(gRNA) is inserted on either end of the Cas9 promoter.
When double-strand breaks (DSBs) are induced in the target
gene sequence, the Cas9 promoter is cut off and transcription
ceases. With this system, expression of Cas9 protein at 60 h af-
ter transfection is only 10% that of the wild-type system, with
about 70% promoter deletion efficiency. The target site editing
efficiency and homologous recombination efficiency of the
self-restricting system remain at about 50% and 30%, respec-
tively, while the frequency of off-target indel formation
decreased by 76.7%. Further, the number of indel types was
also reduced from 13 to 2. Because this system does not
include additional gRNA sequences, the possibility of intro-
ducing new off-target mutations is decreased. Importantly,
this system is composed of a single plasmid, which could
potentially be easily introduced in vivo using a viral vector
or nanoparticles.

INTRODUCTION

The CRISPR-Cas9 system is easy to utilize, convenient, and quick.
Since it was first reported it has been widely used, quickly superseding
previous generation zinc-finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs).'* Only the design of a
single guide RNA (sgRNA) directed against the target sequence is
required for use of CRISPR-Cas9. This guide RNA (gRNA) guides
the Cas9 nuclease to bind to a specific gene sequence and induce a
DNA double-strand break (DSB).””” Cells then perform self-repair
in one of two ways, through homology-directed double-stranded
DNA (dsDNA) repair (HDR) or non-homologous end joining
(NHEJ).*” The CRISPR-Cas9 gene-editing technology is superior to
other approaches because it can permanently alter expression of
target genes. Thus, this powerful tool can be used to efficiently
generate a gene knockout, knockin, or chromosome transposition.'’
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Several translational studies utilizing CRISPR-Cas9 in preclinical and
clinical settings have been reported. In 2017, researchers used
CRISPR-Cas9 to remove a portion of the mHTT gene in the brain
cells of a mouse model of Huntington’s disease.'"' The CRISPR-
Cas9 gene knockin function was used to specifically insert the
chimeric antigen receptor (CAR) gene targeting CDI19 into the
T cell receptor alpha chain (TRAC) locus of patients, enhancing the
efficacy of CAR-T cells.'” Recently, the US Food and Drug Adminis-
tration (FDA) has granted CTX001, which targets fetal hemoglobin,
fast-track qualification for the treatment of sickle cell disease (SCD)
(ClinicalTrials.gov: NCT03655678).

Although CRISPR-Cas9 has many potential gene-editing applica-
tions, off-target effects have hampered its clinical use.'>'* One of
the major causes of the off-target effects of the CRISPR system is
the continued high-intensity expression of Cas9 nuclease within
cells.">'® Thus, several strategies have been developed to reduce the
off-target effects resulting from Cas9 overexpression.

1. The transfection of CRISPR-Cas9 ribonucleoproteins (RNPs). In
this strategy, the Cas9 protein and in vitro-transcribed sgRNA are
pre-complexed and directly delivered into target cells via electropo-
ration or lipid-mediated-transfection. Because the half-life of the
Cas9-sgRNA RNP complex is shorter than the time required to
transcribe plasmid or viral nucleic acid, the off-target rate is lower."”

Two major limitations need to be acknowledged with respect to

the RNP approach.'® First, there is an inability to precisely control

the amounts of RNPs transfected into cells. Second, efficient deliv-
ery of these molecules in vivo is difficult because gRNA is easily
degraded and the RNP molecular complex is quite large.
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2. Suppression of Cas9 protein activity. The need for precision con-
trol of Cas9 over the dimensions of dose and time has created a de-
mand for inhibitory anti-CRISPR molecules that can terminate
Cas9 activity following on-target editing.'” Several protein-based
anti-CRISPR molecules have been reported.”™*' Protein-based
anti-CRISPRs can be highly potent, because they generally possess
a greater number of SpCas9 interaction sites. However, the anti-
CRISPR protein targeting SpCas9 is too large and easily degraded
by proteases, limiting its use.”>”> Compared with anti-CRISPR
proteins, small-molecule inhibitors can be cell permeable, revers-
ible, proteolytically stable, and non-immunogenic. Recently,
small-molecule inhibitors of CRISPR-Cas9 have been reported.*
It remains to be determined whether these small-molecule inhib-
itors interact with other targets in mammalian cells, and thus they
need to be tested in vivo.”*

3. Tunable or inducible systems regulate Cas9 working time, which is
helpful to decrease the amount of undesirable DNA cleavage in the
genome. Placing Cas9 under the control of a tetracycline-respon-
sive element (TRE) confers the possibility to achieve conditional
expression of this gene in the presence of tetracycline/doxycycline
(Tet/Dox).”” However, even in the off state, when Tet/Dox are ab-
sent, Cas9 expression still exhibits leakiness.*®
Other models have used the properties of light-inducible hetero-
dimerization proteins for the modulation of Cas9 activity. This
system uses a split Cas9 variant that is fused to light-responsive
proteins.”” Upon stimulation with blue light, Cas9 becomes active
by reconstitution of the whole active Cas9 nuclease. Although
such systems are to some extent reversible and adjustable for regu-
lating Cas9 activity, they are limited to in vitro applications. For
in vivo use, the need to penetrate deep tissues to induce Cas9
expression would require more invasive equipment.

4. Knockout of the Cas9 gene. A self-limiting CRISPR-Cas9 system,
simultaneous expression of two gRNAs, one targeting the Cas9
gene and the other for the target gene, has recently been re-
ported.”*** However, it is well-known that introducing an addi-
tional gRNA targeting the Cas9 gene will inevitably produce addi-
tional off-target effects. Thus, this method cannot effectively
reduce off-target effects and requires further optimization.

In order to reduce the overexpression of Cas9 protein and reach an
expression mode of less is good, as well as to avoid new off-target
problems caused by the introduction of additional gRNAs, we con-
structed a self-restricting CRISPR-Cas9 (SR-CRISPR) system. In
this study, we selected programmed cell death protein 1 (PD-1) as
the target. Further, we verified that with this system not only is the
editing efficiency of the target gene unchanged but off-target effects
are also significantly reduced.

RESULTS

Design of Self-Restricting CRISPR-Cas9 (SR-CRISPR) System

In this study, we selected PD-1 as the target and designed three cor-
responding gRNAs. Among them, gRNA3 was found to induce effi-
cient cleavage of Cas9 and was selected for use in the construction

of the SR-CRISPR gene-editing plasmid (Figure S1). The top and bot-
tom strand of gRNA3 were annealed and cloned into a genome-edit-
ing plasmid (pX458), which was then named pX458 s3. Unique recog-
nition sites for restriction enzymes Agel and Kpnl were adjacent to
each end of the ca promoter. The pX458 s3 plasmid was digested
with Agel and Kpnl, the annealed oligo (the target gene consensus
sequence corresponding to the gRNA) (Table S1) was then inserted
into the Kpnl and Agel sites directly preceding and following the
Cas9 promoter, respectively (Figure 1A), to construct the pX458 s3-
Agel-Kpnl (SR-CRISPR) plasmid (Figure 1B). Because the gRNA
also targets the Cas9 gene promoter, transcription is terminated
and overexpression is prevented. When transfected into HEK293T
cells, this plasmid is designed to induce controlled expression of the
Cas9 protein at a level that still allows the formation of a protein com-
plex with the gRNA targeted to PD1. Thus, this should achieve the
goal of reducing off-target effects, while at the same time allowing
the Cas9/gRNA complex to cut the PD1 gene at the target site to
form the indel mutation (Figure 1C).

Detection of Restricted Cas9 Expression

To verify that the SR-CRISPR system inhibits overexpression of
Cas9 protein, we transfected the unmodified px458 s3 plasmid
(conventional CRISPR) and the modified px458 s3-Agel-Kpnl
plasmid (SR-CRISPR) into HEK293T cells. The pX458 vector also
expresses EGFP, and the Cas9 and EGFP genes are linked in tan-
dem by a T2A sequence and driven by the same CAG promoter.
As a result, the expression of EGFP can be utilized as a readout
of Cas9 expression. At different time points after transfection (24,
48, and 60 h), the difference in intracellular fluorescence intensity
between cells transfected with the SR-CRISPR plasmid and the con-
trol parental plasmid was significant (Figure 2A). We quantitated
the fluorescence density at each time point, and the results showed
that EGFP increased gradually in cells transfected with the parental
vector, reaching the highest level at 24 h before leveling off. In
contrast, the SR-CRISPR-transfected cells showed the highest level
at 18 h, and the fluorescence density decreased gradually with the
passage of time (Figure 2B). In addition, flow cytometric analysis of
EGFP 60 h after transfection showed that the percentage of EGFP-
expressing cells (transfection efficiency) between cells transfected
with the SR-CRISPR plasmid and the control parental plasmid
was similar (Figure 2C; Figure S2). However, the average fluores-
cence intensity of the SR-CRISPR-transfected cells was only 20%
of that of the parental vector-expressing cells (defined as 1) (Fig-
ure 2D). Western blot analysis was conducted to confirm these
findings (Figure 2E). At 18 h after transfection, the expression of
Cas9 protein in the SR-CRISPR and parental vector-transfected
cells was already significantly different, and by 60 h, the Cas9
expression level in the SR-CRISPR cells was only 10% that of
the control. Consistent with the confocal results, Cas9 protein
reached its peak at 24 h before staying consistent in control cells,
whereas the protein expression level in the SR-CRISPR cells peaked
earlier and gradually decreased with time (Figure 2F). Together, the
results in Figure 2 show that, compared with the conventional
CRISPR system, the self-regulating CRISPR-Cas9 system can
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Figure 1. Construction of a Self-Restricting CRISPR-Cas9 System

(A) Schematic diagram of the construction of SR-CRISPR plasmid (pX458 s3-Agel-Kpnl). The promoter of the Cas9 gene in the px458 s3 plasmid is flanked by the Agel and
Kpnl restriction sites. The gRNA target sequence from the gene of interest (PD1) was inserted at both of these sites. In addition, the Cas9 gene and EGFP gene are linked in
tandem by the T2A sequence and driven by the same CAG promoter in this plasmid. Cas9 is also fused with SV40 and nucleoplasmin nuclear localization signals (NLSs). The
target gene gRNA, Cas9, and EGFP are all co-expressed from this plasmid. (B) Sequencing results of the Agel and Kpnl restriction site insertion sequences. The shaded parts
are the insertion sequences. Red circles are PAM sites. (C) Schematic diagram of the self-restricting CRISPR-Cas9 system regulating the expression of Cas9 protein. The SR-
CRISPR plasmid is transfected into HEK293T cells, and Cas9 is translated and forms a protein complex with gRNA to induce indel mutations of the PD1 gene at the target
site. The protein complex simultaneously cuts the gRNA recognition sequence at both ends of the Cas9 promoter to prevent excessive Cas9 protein transcription.

greatly reduce the expression of Cas9 protein, thereby inhibiting
Cas9 overexpression.

We wanted to further test the self-cutting efficiency of the self-regu-
lating CRISPR-Cas9 system. To this end, we designed an upstream
primer within the promoter and a downstream primer (Table S1)
near the gRNA recognition sequence inserted at the Kpnl digestion
site of the pX458 s3-Agel-Kpnl plasmid (Figure S3A). As a result,
in the absence of excision, the promoter can be amplified, and it
cannot be amplified if excision has occurred. Genomes from the con-
trol and SR-CRISPR-transfected cells were subjected to real-time PCR
amplification. As can be seen in Figure S3B, the cutting efficiency of
the SR-CRISPPR promoter is about 70%. We performed PCR (Table
S2) and next generation sequencing (NGS) (Figure S4A). It has been

shown that many insertions and deletions occur near the predicted
cutting site after promoter excision. Furthermore, the frequency of in-
del mutations upstream of the predicted cutting site was found to be
markedly higher than that downstream (Figure S4B). The analysis of
frequency distribution of indel mutations revealed that about 70% of
indels were deletions. The frequency of deletions greater than 10 bp
was an overwhelming majority (Figure S4C).

Analysis of Target Gene-Editing Efficiency

In order to test the editing efficiency of SR-CRISPR for the target
gene, PDI1, we transfected the parental pX458 s3 plasmid and the
SR-CRISPR plasmid into HEK293T cells and extracted the cell
genome 60 h later. Primers (Table S2) were designed on both sides
of the target gene cutting site, and two rounds of PCR were carried
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Figure 2. The Expression of Cas9 Protein Is
Significantly Reduced in the Self-Regulating
CRISPR-Cas9 System

(A) Confocal microscopy at different time points of
HEK293T cells transfected with parental pX458 s3 plasmid
or SR-CRISPR plasmid. (B) Fluorescence density of EGFP
at different time points in HEK293T cells transfected with
parental pX458 s3 plasmid or SR-CRISPR plasmid. Bar
graphs are shown as average of three independent ex-
periments with error bars representing SEM. (C) Flow cy-
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indel types of the two groups being roughly the
same. For example, the highest frequency indel
type in the control group (a 7-base deletion on
both sides of the predicted cleavage site) is also

out to prepare sequencing libraries. Sequencing was performed using
the NGS method, and genome editing was analyzed. As shown in Fig-
ure 3A, the editing efficiency of the parental and SR-CRISPR vector-
transfected groups is not significantly different, with both being about
50%. For both, the frequency of indel mutations on the left side of the
predicted cutting site was found to be higher than that on the right
side (Figure 3B). Interestingly, insertions and substitutions occurred
mainly on the right side of the predicted cutting site with both vectors,
and deletions occurred mainly on the left side of the predicted cutting
site within the PD1 gene. Moreover, the frequency of deletions greater
than 10 bp occurring on the left side of the predicted cutting site was
found to be relatively high, and the frequency of deletions of less than
5 bp was relatively low (Figure 3C). Figure 3D shows that there were
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ranked the third highest frequency indel type in
the SR-CRISPR group. The highest frequency in-
del type in the SR-CRISPR group (an A base in-
serted at the first position to the right of the pre-
dicted cleavage site) was ranked the second highest frequency indel
type in the control group. Together, these results indicate that there
is no reduction in the PD1 editing efficiency of the self-regulating
CRISPR-Cas9 system.

We wanted to further analyze the efficiency of homologous recombi-
nation of target sites in this self-regulating system. To this end, we co-
transfected the homologous template (Table S3) with the parental and
SR-CRISPR plasmids into HEK293T cells and extracted the genome
60 h later. The efficiency of target site homologous recombination was
then analyzed using NGS. There was no significant difference in the
efficiency of homologous recombination at the target site between
the CRISPR vectors, with both being about 30%. As shown in
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Figure 3. Editing Efficiency of the PD1 Target Gene

(A) Comparison of the editing efficiency of the PD1 target gene by the parental and SR-CRISPR vectors. At 60 h after transfection, genomes were extracted for NGS to
determine the editing efficiency of PD1. Results are the mean + SEM of n = 3 independent biological replicates. (B) Frequency distribution of alleles with indels (blue) and
without indels (red) of the parental (left) and SR-CRISPR (right)-transfected cells. (C) Specific classification of the parental (left) and SR-CRISPR (right)-induced modifications.
Left panels: frequency distribution of sequence modifications that increase read length with respect to the reference amplicon, classified as insertions (positive indel size).
Middle panels: frequency distribution of sequence modifications that reduce read length with respect to the reference amplicon, classified as deletions (negative indel size).
Right panels: frequency distribution of sequence modifications that do not alter read length with respect to the reference amplicon, which are classified as substitutions
(number of substituted positions shown). (D) Alignments of alleles with the reference allele. The predicted cut site is indicated by the vertical black line. The percentage and
total number of each allele are shown to the right of each alignment. All alleles observed with frequency rate >0.20% are shown. ns, no statistical difference.
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Figure 4A, the percentage of the imperfect HDR was found to be
extremely low (less than 1.0%). Figure 4B shows the imperfect
HDR indel frequencies of the parental and SR-CRISPR vectors on
both sides of the predicted cutting site. Both types of indel are the
same, and the frequencies of each of the three types of indel muta-
tions are similar (0.5%, 0.3%, and 0.2%) (Figure 4C). NHE] repair
occurs while HDR occurs, and the ratio of NHE] in the control
and SR-CRISPR vector groups was found to be higher than that of
HDR, with the indels resulting from NHE] also occurring on the
left side of the PD1 gene cutting site (Figure 4D). Interestingly,
although the efficiency of homologous recombination in the SR-
CRSPR-transfected cells was not reduced compared with the control,
the number of indel mutations due to NHE] was decreased (Fig-
ure 4A). Moreover, fewer types of indels were generated by NHE]
in these cells (29 types) than in the control-transfected cells (34
types) (Figure 4E). Together, these results indicate that the self-regu-
lating CRISPR-Cas9 system induces efficient homologous recombi-
nation editing of the PD1 target gene at a level similar to the classic
CRISPR system.

Analysis of Off-Target Effects

The Guide Design Resources website (http://zlab.bio/guide-design-
resources) was used to predict off-target mutation sites based on
the sequence of the gRNA. Using this tool, we selected the 10 pre-
dicted off-target sites with the highest scores as detection objects
(Table S4). Homology-independent targeted insertion (HITI),
broadly tested in vitro and in vivo, is a knockin NHE]-based strat-
egy.”"” With this system the donor sequence is flanked by one
gRNA target site. Based on CRISPR-Cas9-mediated HITT studies,
the following strategies were adopted to verify off-target sites: an
80-bp fragment was synthesized (Table S1), ODN-PAM (Figure 5A),
and ligated into the T vector (cloning vector). The two ends of this
fragment are the same symmetrical sequence comprised of a target
gene gRNA3 and the PAM site, which is close to a Tag sequence.
We named the constructed vector ODN-T. The parental px458 s3
plasmid and ODN-T vector were co-transfected into HEK293T cells.
The gRNA/Cas9 complex is expected to cleave DNA at the target site
or at potential off-target sites in the genome, resulting in DSBs. The
gRNA3 recognition sequence of the ODN-T vector will also be recog-
nized and cleaved to generate free Tag fragments. The free fragment
can be inserted into the genomic DNA by the NHE] repair method,
resulting in insertions a and b in opposite directions (Figure 5B).
Primers (Table S5) were designed upstream and downstream of the
target and potential cleavage sites. The expected PCR amplification
product is 200-250 bp in size. The size of the electrophoresis band
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of the PCR amplification product at the target site and at 10 potential
off-target sites was found to be consistent with expectations (Fig-
ure 5C). The upstream and downstream primers were then used to
perform a second round of PCR with the ODN-R primer correspond-
ing to the Tag. The electrophoresis results showed that the PCR prod-
ucts of the upstream and downstream primers at the target position
produced bands similar to the expected target band size. Of 10 poten-
tial off-targets, only off-2 and off-4 had bands of the expected size,
and with the ODN-R primer only off-4 amplified the expected bands
with the upstream primers, but not with the downstream primers,
indicating that the potential off-2 and off-4 are likely true off-target
sites (Figure 5D).

Therefore, in order to analyze the off-target effects produced by the
self-regulating CRISPR-Cas9 system, we studied off-target sites 2
and 4 as representative sites, and the indel frequency generated
by incorrect cutting was analyzed. Two rounds of PCR were per-
formed to prepare sequencing libraries with primers designed on
both sides of the predicted cutting sites of off-target 2 and 4 (Table
S2). The off-target efficiency was analyzed using NGS. For the off-2
site, the indel frequency was reduced from 8.6% (control plasmid)
to 2.0% (SR-CRISPR plasmid), a 76.7% reduction. We next calcu-
lated the ratio of target site PDI1 to off-target sites 2 and 4. The
PD1/off-2 site ratio in the modified group was 27.8, and the ratio
in the unmodified group was 8.3 (Figure 6A). Thus, these results
verify that off-2 is a real off-target site. Figure 6B shows that
following transfection with the control vector, indel mutations
occurred on both sides of the predicted cutting site of off-2, while
transfection of the SR-CRISPR vector resulted in most of the indel
mutations to the left of the predicted cutting site. The number of
types of indel was also reduced from 13 (parental vector) to 2
(SR-CRISPR vector) (Figure 6C). Although one type of indel was
novel (did not occur with the parental vector), its frequency was
very low (0.63%). The other type of indel was reduced from
4.40% (parental vector) to 0.78% (SR-CRISPR vector). Although
insertion, deletion, and replacement occurred following transfection
with the parental vector, only deletion occurred with the SR-
CRISPR plasmid (Figure 6C). In addition, for the off-4 site (Fig-
ure 6D), no significant difference in mutations was found between
the SR-CRISPR and parental vector. This may be because off-target
site 4 is a low-frequency off-target site, which also explains why
only a single expected PCR band (upstream primer with primer
ODN-R) was observed for this site. Together, the results in Figure 6
verify that the self-regulating CRISPR-Cas9 system can effectively
reduce off-target effects.

Figure 4. HDR Efficiency of the Target Gene PD1

(A) Comparison of the editing efficiency of the parental CRISPR system and the self-regulating system. We co-transfected the homologous template along with the parental or
SR-CRISPR vectors into HEK293T and analyzed the editing efficiency at 60 h after transfection. Results are the mean + SEM of n = 3 independent biological replicates. ***p <
0.001. (B) Frequency distribution of alleles with indels (blue) and without HDR indels (red) in the parental (left) and SR-CRISPR (right)-transfected cells. (C) The homologous
template (5'-GTCAGGGCCCGGCGCAATAAGCTTGCGGCACCTACCTCTG-3') is shown as the reference allele with alignments below. (D) Frequency distribution of alleles
with NHEJ indels (blue) and without NHEJ indels (red) in the parental (left) and SR-CRISPR (right) groups. (E) Visualization of the distribution of identified alleles around each
cleavage site for the guide (5'-GTCAGGGCCCGGCGCAATGACAGCGGCACCTACCTCTGTG-3'). The vertical dashed line indicates the predicted cleavage site. The
percentage and total number of each allele are shown to the right of each alignment. All alleles observed with frequency >0.20% are shown.
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DISCUSSION

The prospects for use of the CRISPR-Cas9 system in the clinical treat-
ment of genetic diseases and tumors are immense; however, off-target
effects are the prime obstacle limiting clinical application of this sys-
tem.” In recent years, researchers have optimized the specificity of

Figure 5. Determination of Off-Target Sites

(A) Sequence of ODN-PAM. (B) Schematic diagraming the
principle of detection of the editing site by co-transfection of the
pX458 s3 plasmid and ODN-T vector into HEK293T cells. (C)
PCR electrophoretogram of potential off-target sites (left) and
the target site (right). (D) PCR using the ODN-R primer with the
upstream (left) or downstream (right) primers.

the CRISPR-Cas9 system by improving gRNA spec-
ificity”*” and modifying the Cas9 protein in order
to reduce these off-target effects.”™*’

The continuous expression of Cas9 protein is an
important cause of off-target effects;'>'® thus,
several strategies have been developed to control
Cas9 overexpression. Among these approaches, the
knockout of the Cas9 gene is a simple and effective
method for restricting Cas9 overexpression.

In a previous study, a gRNA sequence-targeting
Cas9 gene was added to the gene-editing vector to
destroy the Cas9 gene.”® However, it is well-known
that introducing an additional gRNA will inevitably
produce additional off-target effects. Therefore,
reducing Cas9 expression with this method bears
the risk of additional off-target effects in the genome.
Our design uses the same gRNA sequence to destroy
the target gene and prevent the continuous expres-
sion of Cas9. Because there is no increase in the
number of gRNAs, there is no risk of additional
off-target effects. Furthermore, the authors of the
previous study did not conduct quantitative analysis
of the reduction of off-target indels occurring as a
result of the destruction of the Cas9 gene. In addi-
tion, the qualitative analysis results revealed that
the target site editing efficiency was also reduced
with this system compared with the conventional
CRISPR. In contrast, our system did not result in
reduced editing efficiency of the target site, and it
actively reduced the formation of off-target indels
by 76%.

Recently, Shen et al.”’ built a synthetic L7Ae switch
to regulate Cas9 expression. This system employs the
K-turn system on one vector along with a gRNA
sequence to recognize the target gene and a gRNA
sequence to recognize the Cas9 gene on the other
vector. The synthetic switch is intended to control

the transcription and translation of Cas9 simultaneously.”” Neverthe-
less, these designs use two gRNA sequences, increasing the risk of off-
target effects. In addition, two heterologous proteins from archaebac-
teria were also expressed in the cell, which made the operation
cumbersome. The requirement for co-transfection of two plasmids
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398

jabue) yopehiey ug

Molecular Therapy: Methods & Clinical Development

TTCAGGACCAGGCACAA TGTTTATTGA Reference
TTCAGGACCAGGCACAA TGTTTATTGA ggorg
TTCAGGACCAGGCACAA CTGTTTATTG gy
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, TTTATTGA g729
TTCAGGACCAGGCACAA CTGTTTATTG gogy
TTCAGGACCAGGCACAA TGTTTATTGA 444%
TTCAGGACCAGGCACAA TGTTTATTGA 4400
TTCAGGACCAGGCACAA TGTTTATTGAQTS@
TTCAGGACCAGGCACA - TGTTTATTGA s379,
TTCAGGACCAGGCACAA CATCTGTTTA 4039
TTCAGGACCAGGCACAA TGTTTATTGA 4500
TTCAGGACCAGGCACAA TGTTTATTGA 4139
TTCAGGACCAGGCA TGTTTATTGA 4050
TTCAGGACCAGGCA CTGTTTATTG 3999
TTCAGGACCAGGCA TGTTTATTGA3G4%
bold Substitutions
O Insertions
- Deletions
----- Predicted cleavage position
Conventional CRISPR
TTCAGGACCAGGCACAATGACAGCAGCATCTGTTTATT G A Reference
TTCAGGACCAGGCACAATGAICAGCAGCATCTGTTTATTGA g%
TTCAGGACCAGGCACAATG -ICAGCAGCATCTGTTTATTGAQ7E®D
MnCEG cRyclccE-== - - I=0mcl 6 (el c il ¢ i G [ 0.63%
bold Substitutions
O Insertions
Deletions
----- Predicted cleavage position
Indel size distribution
100.0% (4078393)
80.0% (3262714)
]
=
R 60.0% (2447036)
0
I
g
c
o
2 40.0% (1631357)
&
20.0% (815679)
.0%
0:0%10). -50 0 50 100
Indel size (bp)
—— Noindel
Indel
Conventional CRISPR
Indel size distribution
100.0% (3357180)
80.0% (2685744)
S
£
£ 60.0% (2014308)
o
[
o
c
o
2 40.0% (1342872)
&
20.0% (671436)
9
G0%10) -50 0 50 100
Indel size (bp)
—— Noindel
—— Indel

Molecular Therapy: Methods & Clinical Development Vol. 18 September 2020

(legend continued on next page)



www.moleculartherapy.org

greatly reduces the delivery efficiency and increases the difficulty of
use in vivo. A comparative analysis of these data is shown in Figure S5.
With respect to destroying the Cas9 gene, the formation of off-target
indels was reduced by 37.29%. For the restriction of the translation
system, the formation of off-target indels was reduced by 60.76%.
Further, the combination of destroying the Cas9 gene and restricting
translation can reduce the off-target indel by 88.53%. The SR-CRISPR
system constructed for our study reduced the formation of off-target
indels by 76%. Thus, although there is not a significant difference in
the effectiveness of these systems, many risks are avoided with our
approach.

As a next step, we plan to design a gRNA-insertion box within our
vector (Figure S6), to greatly simplify the construction steps required
to make it adaptable for other target genes. For primary cells or tis-
sues, such as T cells, that are difficult to transfect, low transfection ef-
ficiency is indeed a challenge for genome editing with CRISPR-Cas9.
However, one solution is to use viral vectors for transduction of Cas9
and gRNA, as shown to be effective in many related studies.*”** Our
SR-CRISPR system is composed of a single plasmid and could easily
be introduced into a viral vector.

Single-base editing technology (base editing) is a new target gene
modification technology developed based on the CRISPR-Cas system.
This system makes use of either a cytosine base editor (CBE) or
adenine base editor (ABE). In this system, a deactivated Cas protein
lacking catalytic activity is fused with the deaminase, which can
bind to single-stranded DNA (ssDNA) so as to cause base substitu-
tion within the target.*”** Unfortunately, both CBE and ABE are
known to cause severe off-target phenomena at the RNA and DNA
levels.*>*® Recently, some experiments have found that the introduc-
tion of a specially designed RNA into cells to recruit endogenous
adenosine deaminase to efficiently and accurately edit specific aden-
osines of targeted gene transcripts results in no obvious off-target
phenomena./w’/18 Thus, this indicates that similar to Cas9 off-target ef-
fects, the high-intensity expression of the deaminase and deactivated
Cas9 fusion proteins is an important cause of off-target effects. There-
fore, the idea of less is good with respect to Cas9 protein expression
proposed in this paper could also be applied to optimization of the
single-base editing system to reduce off-target effects.

In short, the self-restricting CRISPR-Cas9 system presented here can
effectively control the expression of Cas9 protein, resulting in a mod-
erate concentration of Cas9 protein in the cell and effective reduction
of off-target effects without a significant loss of editing efficiency. A
further study should be carried out to verify additional target genes
and detect the genome-wide off-target effects with the SR-CRISPR
system. In addition, it may be possible to further optimize this system
in the future. For example, the wild-type Cas9 protein could be re-

placed by mutants (espcas9 and spcas9-HF1) that significantly reduce
off-target effects. Also, the use of viral vectors or encapsulation within
nanomaterials for delivery of this system may improve its efficiency
even further. Thus, this study provides a foundation for promoting
the clinical application of the CRISPR-Cas9 system in the treatment
of genetic diseases and tumors.

MATERIALS AND METHODS

Plasmid Construction

To construct the self-limiting SpCas9 plasmid, we modified in our
laboratory the existing pX458 s3 vector targeting the PD1 gene. The
Cas9 and EGFP genes of the pX458 vector are linked in tandem by
a T2A sequence and driven by the same CAG promoter. Two comple-
mentary 27-bp oligonucleotides corresponding to the target gene
were annealed to generate dsDNA with 4-bp overhangs on both
ends. This dsDNA sequence was subcloned into Agel and Kpnl re-
striction sites preceding and following the CAG promoter, respec-
tively. The resultant gRNA expression vector was designated pX458
s3-Agel-Kpnl (SR-CRISPR).

Transfection into HEK293T Cells

HEK293T cells (high-glucose DMEM, 10% fetal bovine serum [FBS])
were grown to confluency, then seeded in six-well plates at a density
of 5 x 10° cells/well and cultured at 37°C until the cell density reached
80%-90%. The parental vector (pX458 s3) (2.5 pg/well) and SR-
CRISPR vector (pX458 s3-Agel-Kpnl) (2.5 pg/well) were transfected
into cells using Lipofectamine 2000 (Thermo Fisher Scientific, UK),
and the indel mutation frequency was analyzed after 60 h.

Preparation of Libraries and Deep Sequencing

NGS primers of the target region were designed in the 200- to 300-bp
size range. Primers were not permitted to reside within a 50-nt region
to either side of the expected sgRNA cut site to ensure coverage of var-
ied deletion sizes. A two-step PCR fusion method was performed to
attach bar-coded sequencing adaptors for multiplex deep sequencing.
Sequencing of the libraries was completed with an Illumina NovaSeq.
The percentage of indels and substitutions was analyzed online
(https://github.com/pinellolab/crispresso2).*” The genome-editing
efficiency of the target region was calculated with the following for-
mula: a/b, where a was the percentage of indels and substitutions,
and b was the transfection efficiency.

Confocal Fluorescence Microscopy and Flow Cytometry

At 18, 24, 48, and 60 h after transfection, we assessed EGFP expres-
sion in the cells using a confocal fluorescence microscope (40x;
FV1000; Olympus, Japan). We then calculated the fluorescence den-
sity at each time point and plotted the data to generate a graph of fluo-
rescence density. At the 60-h time point, the fluorescence intensity of
EGFP was detected by flow cytometry (Beckman, Brea, CA, USA),

mean + SEM of n = 3 independent biological replicates. *p < 0.05. (B) off-2: frequency distribution of alleles with indels (blue) and without indels (red) of the parental (top) and
SR-CRISPR (bottom)-transfected cells. (C) off-2: alignments are shown in comparison with the reference allele. The predicted cut site is represented by the vertical black line.
The percentage and total number of each allele are shown to the right of each alignment. All alleles observed with frequency >0.20% are shown. (D) off-4: frequency
distribution of alleles with indels (blue) and without indels (red) in the parental (top) and SR-CRISPR (bottom)-transfected groups.
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and the average value of three experimental results was calculated.
The statistical difference between the parental vector and the SR-
CRISPR vector was calculated using SPSS 20.0 (IBM, Chicago, IL,
USA) and GraphPad Prism 8 (v.8.0.2.263; GraphPad Software, CA,
USA) software.

Western Blot Analysis of Cas9 Protein Expression

HEK293T cells were lysed using radio immunoprecipitation assay
(RIPA) lysate buffer (Beyotime, China), and samples were centrifuged
at high speed to remove the insoluble fraction. Samples were then de-
natured with SDS protein loading buffer at 100°C for 5 min. Proteins
were separated on a 10% SDS-PAGE gel followed by transfer to poly-
vinylidene fluoride (PVDF) membranes by electrophoresis. Western
blot analysis was performed according to standard procedures. The
primary antibody used to detect Cas9 was anti-CRISPR-Cas9 anti-
body (1:3,000 dilution; Abcam, Cambridge, UK), and the primary
antibody for the internal control, B-actin, was anti-B-actin antibody
(1:5,000 dilution; Fudebio-tech, China). The secondary antibody for
both Cas9 and B-actin was HRP-conjugated Affinipure Goat Anti-
Mouse IgG (h + 1) (1:10,000 dilution; Abcam, Cambridge, UK). In or-
der to ensure consistency and accuracy of quantification, we incu-
bated PVDF membranes of all samples in the same container with
the same antibody for the same amount of time prior to development
using Western Lightning Plus-ECL (Beyotime, China). An imaging
system for western blots (Tanon, China) was used for imaging. The
gray value of the band was analyzed using Image] software and
normalized to the gray value of the internal control (B-actin) and
transfection efficiency. Statistical differences in Cas9 protein expres-
sion were calculated with SPSS 20.0, and GraphPad Prism was used
for graphing.

Real-Time PCR

Genomes were extracted using the Genomic DNA Extraction Kit
(TAKARA) and subjected to real-time PCR amplification using Hieff
qPCR SYBR Green Master Mix (Yeasen, China) with primers to spe-
cifically detect promoter cleavage efficiency. The Cas9 gene was
selected as the internal control. The specificity of amplification prod-
ucts was determined from the melting curve analysis performed at the
end of each run. The data for SR-CRISPR vector were normalized to
that of the parental vector.

Statistical Analysis

The data reported here are means + standard error of the mean (SEM)
of three independent culture experiments. Statistical comparisons
were performed using the two-tailed Student’s t test. p < 0.05 was
considered statistically significant.
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