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Abstract

The effective application of the clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 system in biology,
medicine and other fields is hindered by the off-target effects and loci-affinity of Cas9-sgRNA, especially at a genome-wide
scale. In order to eliminate the occurrence of off-target effects and evaluate loci-affinity by CRISPR/Cas9 site-specific detection
and screening of high-affinity sgRNA sequences, respectively, we develop a CRISPR/Cas9-assisted reverse PCR method for
site-specific detection and sgRNA sequence validation. The detection method based on PCR can be used directly in the
laboratory with PCR reaction conditions, without the need for an additional detection system, and the whole process of detection
can be completed within 2 h. Therefore, it can be easily popularized with a PCR instrument. Finally, this method is fully verified
by detecting multiple forms of site mutations and evaluating the affinity of a variety of sgRNA sequences for the CRISPR/Cas9
system. In sum, it provides an effective new analysis tool for CRISPR/Cas9 genome editing-related research.
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Introduction

CRISPR is widely found in the genomes of bacteria and ar-
chaea [1], as was clearly defined in 2002 [2]. It has dramatically
transformed our ability to edit the genomes of various organ-
isms, especially in eukaryotes and animal models of human
disease [3, 4]. With continuous development, in recent years
CRISPR/Cas has become widely used in disciplines from basic
biology to biotechnology and medicine [5—7]. Genome editing
of mammalian cells was accomplished by the CRISPR/Cas9
system in 2013 [8, 9]. In 2014, genome-wide function screens
in human cells were achieved [10, 11]. While the CRISPR/Cas
system has been applied mainly to the study of basic biology, in
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2017 Gootenberg et al. successfully engineered the system for
innovative applications in nucleic acid detection [12], and nu-
merous diverse detection techniques associated with CRISPR/
Cas systems were subsequently developed for exploring differ-
ent research fields [6, 13—16]. Several researchers have explored
treatments for various diseases through CRISPR/Cas systems
[17-24]. However, despite the invaluable advantages of the
CRISPR/Cas system (for example, easily designed and highly
effective) and its wide application in biological and medical
research, there are some limitations that need to be overcome.
The effective application of CRISPR/Cas systems in med-
icine and other fields is hindered by off-target effects, espe-
cially on a genome-wide scale [25, 26]. When an expected
target DNA is modified with the CRISPR/Cas system, unpre-
dictable genome damage is simultaneously triggered by off-
target effects. When used in clinical trials, this can cause un-
anticipated risk to the health of patients. In order to eliminate
or reduce the occurrence of off-target effects, several re-
searchers have extensively explored methods for optimizing
the specificity of the CRISPR/Cas system. Labun et al. de-
signed a web tool (CHOPCHOP) for CRISPR genome engi-
neering which is able to avoid off-target effects by identifying
single-guide RNA (sgRNA) targets [27]. Even though some
sgRNA selection tools contain an extensive database [28-30],
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the database is still insufficient for all genomic loci of various
organisms. In addition, variations have been noted in the cleav-
age efficiency of the CRISPR/Cas system with different genomic
loci [31], and these variances cannot be estimated with current
sgRNA selection tools. In order to evaluate and validate a site-
specific sgRNA sequence, an electrochemiluminescence assay
method was developed by Liu et al. [32] for detecting nucleic
acid with multiple site mutations in vitro, and a label-free
CRISPR/Cas9 assay method based on CuNPs was established
by Hu et al. [33]. sgRNA sequence validation and site-specific
detection can be achieved with these two methods. However,
they have not achieved the popularity of PCR-based methods.

Polymerase chain reaction (PCR) was introduced in 1985
[34], and as the most common nucleic acid amplification
method, it has been widely used in almost all laboratories
related to biology and medicine. Although there are many
novel detection methods which have certain advantages,
PCR is still the most commonly used. Detection methods im-
proved on the basis of PCR can be used directly in the labo-
ratory with PCR reaction conditions, without an additional
detection system. Therefore, PCR-based methods are easily
popularized. We have developed a CRISPR- or Cas9/
sgRNA-assisted reverse PCR (CARP) method to detect and
type target DNAs such as the various genotypes of the human
papillomavirus [35]. CARP, derived from Cas9-sgRNA, has
high specificity, so it is ideally suited for site-specific detec-
tion of CRISPR systems.

This paper demonstrates that CARP can be used for the
evaluation of CRISPR/Cas?9 site-specific function and screen-
ing of high-efficiency sgRNA before delivering Cas9-sgRNA
vectors into cells, animal models and patients. Firstly, the
single-base mutation detection ability of CARP was verified.
Then we explored the effect of mutations at different sites of
target DNA and sgRNA on the cleavage efficiency of Cas9-
sgRNA. Finally, the effects of different sgRNAs on the cleav-
age efficiency of Cas9 were successfully evaluated by CARP.
Thus, in this study, we developed a sensitive, cost-effective
and time-saving CRISPR-assisted reverse PCR method for
site-specific detection and sgRNA sequence validation.

Materials and methods
Preparation of sgRNA

All oligonucleotides used in this study were synthesized by
Sangon Biotechnology Co. Ltd. (Shanghai). sgRNA templates
were generated in three steps (a complementary extension step
and two fusion PCR amplification steps using primers listed in
Table 1). Firstly, F1 and R were annealed and extended by PCR
reaction for 10 cycles. A second PCR amplification step was
then performed with primers F2 and sgR using the products of
the previous step as template for 30 cycles. Thirdly, the last PCR
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reaction was performed with primers F3 and sgR using the
products of the previous step as template for 30 cycles, after
which the products of the third PCR were purified with a PCR
purification kit. Finally, sgRNAs were synthesized by in vitro
transcription. The transcription reaction was performed by incu-
bating the purified products with RNA transcription reagents
(T7 RNA polymerase, buffer and rNTPs, New England
Biolabs) overnight at 37 °C. The transcription products were
mixed with TRIzol solution, and then successively purified with
extraction of chloroform and isopropanol, and precipitated with
ethanol. Purified RNA was dissolved in RNase-free ddH,O,
quantified by spectrometry and detected by polyacrylamide gel
electrophoresis. The sgRNA was synthesized by in vitro tran-
scription according to the manufacturer’s instructions.

Preparation of substrate DNA

The CDS of vascular endothelial growth factor A (VEGFA,
NCBI Reference Sequence: NM_001171628.1) was synthe-
sized and integrated into pUCS57 plasmid by Sangon
Biotechnology Co. Ltd. All substrate DNAs (one non-
mismatched sequence and 10 mutations) were amplified with
the universal primers UP1 and UP2 (Table 1), which are com-
plementary with the pUC57 plasmid sequence. The 20 uL. PCR
reaction system consisted of 10 uL 2x premix Taq (Takara),
500 nM UP1, 500 nM UP2, and 10 ng recombinant plasmid
DNA. The PCR procedure was as follows: 95 °C for 5 min;
30 cycles of 95 °C for 30 s, 60 °C for 20 s, and 72 °C for 60 s;
and 72 °C for 5 min. The PCR products were run with 1%
agarose gel and recovered with a DNA Gel Extraction Kit.
The purified DNA fragments were quantified with NanoDrop
(Thermo) and used as the substrate DNAs for the CARP assay.

PCR-based CARP assay

All substrate DNAs were cleaved with a pair of Cas9/sgRNA
complexes. The cleavage reaction, which consisted of 1 uM
Cas9 Nuclease (NEB), 1x Cas9 Nuclease Reaction Buffer,
300 nM sgRNA a (al or alml; Table 1), and 300 nM sgRNA
b (bl orblml; Table 1), was pre-incubated for assembling Cas9/
sgRNA complexes (10 min at 25 °C). The non-mismatched
substrate DNAs were separately mixed with the pre-incubated
product and cleaved at 37 °C for 5 min. Then the cleavage
product was linked with T4 Ligase. The ligation reaction re-
agents (15 pL) were as follows: 5 U T4 DNA Ligase
(Thermo), 1x T4 Ligase Buffer, and 5 uL cleavage product.
The ligation reaction was incubated at 22 °C for 10 min.
Finally, 1 pL ligation product was mixed with 10 pL 2x premix
Taq (Takara), 500 nM RP1 and 500 nM RP2 for a traditional
PCR (PCR) reaction. The PCR procedure was as follows: 95 °C
for 5 min; 30 cycles of 95 °C for 20 s, 60 °C for 20 s, and 72 °C
for 30s; and 72 °C for 5 min. The PCR product was detected with
2% agarose gel electrophoresis.
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Table 1 Oligonucleotides used to

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC

synthesize the transcriptional Usage Primers (5" to 3")
template of sgRNAs and perform

PCR (“F2” italicized sequence F1

regions are the same as “R” partial TTG
sequences, “F3” italicized R

sequences regions are the same as

AAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCC

sgR AAAAAAAAGCACCGACTCGGTGCCACTTTTTC

T7 promoter sequences)
alF2 CGATCTCATCAGGGTACTCCGTTTTAGAGCTAGAAATAGCAAG
almlF2 CGATCTCATCAGGGTACTCTGTTTTAGAGCTAGAAATAGCAAG
blF2 ATGCGGATCAAACCTCACCAGTTTTAGAGCTAGAAATAGCAAG
blmlF2 ATGCGGATCAAACCTCACCCGTTTTAGAGCTAGAAATAGCAAG
alF3 TTCTAATACGACTCACTATAGCGATCTCATCAGGGTACTCCG
almlF3 TTCTAATACGACTCACTATAGCGATCTCATCAGGGTACTCTG
b1F3 TTCTAATACGACTCACTATAGATGCGGATCAAACCTCACCAG
blmlF3 TTCTAATACGACTCACTATAGATGCGGATCAAACCTCACCCG
UP1 CATGAGCGGATACATATTTG
UP2 TGTTCTTTCCTGCGTTATCC
RP1 ACTGAGGAGTCCAACATCACC
RP2 ACTCCAGGCCCTCGTCATT

qPCR-based CARP assay

The cleavage reaction, which consisted of 1 uM Cas9
Nuclease (NEB), 1x Cas9 Nuclease Reaction Buffer,
300 nM sgRNA a (alml to alm5, al to a9; only one of these
sgRNA was added in each reaction), and 300 nM sgRNA b
(bIm1 to blmS, bl to b9; only one of these sgRNA was added
in each reaction), was pre-incubated for assembling Cas9/
sgRNA complexes (10 min at 25 °C), along with various
negative control reactions. The substrate DNAs (gradient de-
tection: 20, 2, 0.2, 0.02, 0.002, 0 ng; other related reactions
were all 20 ng) were separately mixed with pre-incubated
product and cleaved at 37 °C for 5 min. Then the cleavage
product was linked with T4 Ligase. The ligation reaction re-
agents (15 pL) were as follows: 5 U T4 DNA Ligase
(Thermo), 1x T4 Ligase Buffer, and 5 pL cleavage product.
The ligation reaction was incubated at 22 °C for 10 min.
Finally, 1 pL ligation product was mixed with 10 pL 2x
SYBR Green Master Mix (Yeasen), 500 nM RP1 and
500 nM RP2 for quantitative PCR (qPCR) reaction. The
qPCR procedure was as follows: 95 °C for 10 min; 40 cycles
of 95 °C for 15 s; and 60 °C for 1 min. The reactions were
carried out on a StepOnePlus real-time PCR apparatus (ABI).

Results
Schematic of CARP detection

The CARP experimental process is schematically shown in
Fig. 1. There are three main steps in CARP: (1) target DNA
is specifically cut by a pair of Cas9/sgRNA complexes; (2) the
cleaved DNA is rapidly linked by T4 DNA ligase; (3) the

ligated DNA is efficiently amplified with PCR (PCR or
qPCR).

Ability of CARP for single-base mutation detection

The quality of sgRNAs is crucial in this study. sgRNA tem-
plates were generated by a complementary extension step and
two fusion PCR amplification steps. In the first step, two com-
plementary chains were annealed and extended to generate a
general sgRNA frame template. In the second step, 20 bp
specific sequences complemented with target DNA were
added to the general sgRNA frame template by fusion PCR.
In the last step, T7 promoter sequences were added to the
amplification products of the previous step by fusion PCR.
The final PCR products were used as templates to synthesize
sgRNAs. The products and sgRNAs for all three steps were
respectively detected by agarose gel electrophoresis (see
Supplementary Information [ESM] Fig. S1) and polyacryl-
amide gel electrophoresis (ESM Fig. S2). The results showed
that 20 bp specific sequences and T7 promoter sequences
were successively added to the general sgRNA frame tem-
plate, and complete sgRNA templates were successfully gen-
erated. Thus, a good foundation for the whole research was
established.

After sgRNAs were generated, we explored whether
single-base mutations could be discriminated using CARP.
Firstly, target DNA was cut by a pair of Cas9/sgRNA com-
plexes. Then cleavage products were linked by T4 DNA
Ligase. Finally, the ligated products were detected with PCR
and qPCR. If target DNA was cleaved and linked successfully
by a pair of Cas9/sgRNA complexes and T4 DNA Ligase, the
PCR amplification was carried out normally, and there would
be a 144 bp band in the electrophoretic lane. On the contrary,
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Fig. 1 Schematic illustration of CARP detection

there were no right bands in lanes of various control groups
(Fig. 2a). When higher concentrations of target DNA were
detected by PCR-based CARP, the bands were all in the right
place (Fig. 2b). It preliminarily proved that CARP has suffi-
cient specificity to detect the single-base mutation.

In order to further validate the specificity of CARP, the
single-base mutation was detected by qPCR-based CARP
(Fig. 3). Firstly, the single-base mutation was perfectly dis-
criminated by comparing the Ct values of different gPCR
reactions (Fig. 3b and c), and there was a negative correlation
between the number of ligated products and Ct value. Then
the sensitivity of CARP was determined by detecting 20, 2,
0.2, 0.02, 0.002 and 0 ng target DNA, respectively. It was
shown that as few as 0.02 ng target DNA could be detected
(Fig. 3d), compared with previous methods (limit of detection
of 30 nM and 0.13 nM reported by Liu et al. and Hu et al.,
respectively [32, 33], whereas our substrate DNA is 1766 bp,
and the total volume of the reaction is 30 uL, s0 0.02 ng/30 uL
can be approximately converted into 0.6 pM), and therefore
the sensitivity of CARP is high enough to accomplish evalu-
ation of CRISPR/Cas9 site-specific function and validation of
sgRNA sequences. A standard curve of Ct value and a linear
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function with R? > 0.99 were thus generated, indicating excel-
lent stability of the detection method (Fig. 3f). If the melting
curve was used to help analyze the experimental results, the
sensitivity of CARP was higher; the minimum sensitivity was
0.002 ng (Fig. 3d). In addition, the whole detection process of
CARP could be completed within 2 h. The results fully dem-
onstrated that CARP is able to distinguish single-base muta-
tion. Therefore, CARP has the potential to quickly evaluate
site-specific and validate sgRNA sequences.

Cleavage efficiency of Cas9-sgRNA on single-base
mutations of target DNA

After determining the ability of CARP to detect single-base
mutations, we investigated the site-specific of Cas9-sgRNA.
First, site mutation of DNA was detected with qPCR-based
CARP, and all target DNAs containing site mutations were
treated with the same Cas9-sgRNA complexes. In the process
of gene editing with the CRISPR/Cas system, a protospacer
adjacent motif (PAM) sequence was found to be indispens-
able. Only DNA sequences containing PAM can be recog-
nized and cleaved by Cas9-sgRNA. Because target DNA
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Fig. 2 CARP detection of single-base mutation (PCR). a Determining the ability of CARP to detect single-base mutation. b Detection of single-base
mutation DNA in different concentrations. Upper figure, the experimental results; lower figure, the reaction conditions

was cleaved by Cas9 at three bases upstream of the PAM, the
single-base change in PAM and its adjacent sequences were

explored. Five mutational strands with different single mis-
match sites were designed and synthesized; the mismatch sites
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Fig. 3 CARP detection of single-base mutation (QPCR) (the error bars
represent technical replicates and show standard deviation). a Detailed
reaction conditions. b Quantitative detection results of single-base muta-
tion of substrate DNA. ¢ Logarithmic curves of qPCR for detecting

single-base mutation. d Exploring the sensitivity of detection of single-
base mutation. e The melting curves of sensitivity of CARP assay. f
Quantitative results of the sensitivity of CARP assay
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contained three bases of the PAM and its adjacent two bases
(Fig. 4a). The results show that the adjacent base mutation of
PAM has little effect on cleavage efficiency of Cas9-sgRNA.
Once the mutation site is in the PAM sequence, the cleavage
efficiency of Cas9-sgRNA is significantly reduced. This
proves that the complete PAM sequence is critical to excellent
cleavage activity and affinity of the CRISPR/Cas9 system.

Spontaneous or chemical-inducible single-base mutations
are common phenomena in genomic regions. Thus it is impor-
tant to determine whether the cleavage activity of the
CRISPR/Cas9 system can be affected by these mutations.
We chose five important mutations for investigation: methyl-
ated cytosine [36, 37], two U-G base mutations (the mutation
can be caused by intracellular folate deficiency) [38], and two
I-C base mutations (caused by nitrite stimulation of cells) [39].
The results demonstrated that these mutations have little in-
fluence on the cleavage efficiency of the CRISPR/Cas9 sys-
tem (Fig. 4b). Therefore, the effects of these mutations can be
excluded in the design of Cas9-sgRNA.

== 20 bp Specific sequence === pam

=== Universal sequence of sgRNA

The effects of single-base mismatch of sgRNA on
cleavage efficiency

The specificity of the CRISPR/Cas9 system is largely deter-
mined by sgRNA which contains recognition sequences of
target DNA. sgRNAs are then designed to verify whether
off-target DNA can be successfully distinguished by CARP.
In order to ensure the reliability of the study, we respectively
designed two groups of sgRNAs based on two different sites,
with each group containing five single-base mismatch
sgRNAs and mismatch sites adjacent to PAM. The results
revealed that the cleavage activity of the CRISPR/sgRNA
system was greatly affected by a single-base mismatch of
sgRNA. A small fraction of target DNA was still cut
(Fig. 5), indicating that nonspecific cleavage could occur at
undesigned sites. Therefore, CARP can be used to effectively
avoid off-target effects before CRISPR/Cas9-related genome
engineering events by exploring unpredictable DNA cleavage
sites with different off-target substrate designs.
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Fig. 4 Detecting single-nucleotide specificity of Cas9-sgRNA with
qPCR-based CARP. a Detailed location of common mutations on sub-
strate DNA. b Detailed location of spontaneous or chemical-inducible
mutations on substrate DNA. ¢ Detecting the single-base mismatch se-
quences of target DNA; non-mismatched sgRNA al and bl were used in
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this reaction. d Detecting spontaneous or chemical-inducible single-base
mutations in target DNA; non-mismatched sgRNA al and b1 were used
in this reaction. e Quantitative detection results of common mutations of
substrate DNA. f Quantitative detection results of spontaneous or
chemical-inducible mutations of substrate DNA
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al. b Detailed location of single-base mismatch on sgRNA bl. ¢
Evaluating the single-nucleotide specificity of sgRNA a, non-
mismatched sgRNA bl combined with one of various sgRNA al was

The effects of different sgRNAs on cleavage efficiency

Before delivering Cas9-sgRNA vectors into cells, animal
models and patients, it is necessary to evaluate the affinity of
sgRNA in vitro to exclude inefficient sgRNA and ensure the
highest efficiency of gene editing. Finally, multiple sgRNAs
(the corresponding positions of sgRNAs on target DNA, ESM
Fig. S3) were designed and synthesized to detect the effects of
different sgRNAs on cleavage efficiency (Fig. 6). The optimal
and ineffective sgRNAs for cleavage efficiency can be suc-
cessfully differentiated by comparing Ct values. The results
suggest that the CARP method has excellent ability to screen
sgRNAs with the highest affinity for CRISPR/Cas9-related
gene editing.

Discussion
The CRISPR/Cas system is generally one of three major

types: types I, II and III [40]. Compared with types I and
II1, the type II system only contains a single guided RNA
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sgRNA b, non-mismatched sgRNA al combined with one of various
sgRNA b1l was used in this reaction. e Quantitative results of sgRNA a
mutations. f Quantitative results of sgRNA b mutations

(sgRNA) and one protease, such as Cas9, which is the
hallmark protease of a type II system guided by sgRNA
to complete a double-stranded DNA (dsDNA) cleavage
event. Because of the simplicity and more mature commer-
cial applications, we chose Cas9 as the cleavage enzyme
for the CARP assay. But that does not mean that other
CRISPR enzymes cannot be employed in this way.
Various studies have reported the use of other types of
CRISPR enzymes for nucleic acid detection. In 2017,
Gootenberg et al. combined Cas13a with isothermal ampli-
fication to develop a specific high-sensitivity enzymatic
reporter unlocking (SHERLOCK) technique, which pro-
vides rapid nucleic acid detection with ultra-high sensitiv-
ity and specificity [12]. Subsequently, a number of
CRISPR-based nucleic acid detection technologies were
established, for example, a multiplexed and portable
nucleic acid detection platform with Casl3, Casl2a, and
Csmb6 [6], a CRISPR/Cas12a-based platform for rapid and
visual nucleic acid detection [41], and an ultra-sensitive
and high-throughput CRISPR-powered COVID-19 diag-
nostic method [42]. Both these common enzymes and other
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Fig. 6 Exploring the effects of different sgRNAs on cleavage efficiency
simultaneously. a qPCR logarithmic curves of nine sgRNA a; one of
sgRNA al to a9 combined with non-mismatched sgRNA bl was used
in this reaction. b qPCR logarithmic curves of nine sgRNA b; one of

CRISPR enzymes that have the ability to cleave DNA can
be used to build an inclusive CARP detection system.

If off-target activity can be avoided, the CRISPR/Cas9 sys-
tem has the ability to distinguish single-base mutations [25].
To overcome off-target activity, several approaches have been
explored. A web selection tool for sgRNA, CHOPCHOP, was
developed by Labun et al. to avoid off-target activity of the
CRISPR/Cas9 system [27]. Double nicking (combining a
Cas9 nickase with paired guide RNAs) used to enhance ge-
nome editing specificity can reduce off-target activity by 50-
to 1500-fold [43]. In this study, all sgRNA were designed with
CHOPCHOP to reduce off-target activity. Double nicking
was the first step of the CARP system to ensure the specificity
of the detection, so that target DNA could be specifically
cleaved by a pair of Cas9-sgRNA complexes. Then the cleav-
age products were linked by T4 DNA ligase. Finally, PCR
reactions were carried out, and a pair of reverse primers was
cleverly designed for amplifying target DNA. If cleavage or
ligation reaction was unsuccessful, the reverse primers would
elongate along the DNA template back to back, and the am-
plification would fail. If the target DNA was cut and the cleav-
age products were linked to each other into longer DNAs, the
reverse primers would be changed into normal primers, and
thus the target DNA was successfully amplified. On the basis
of'these features, the CARP system has high specificity, which
was fully verified by detecting various single-base mutations.

PCR is the most common amplification method. As an
exponential amplification technique, its amplification effi-
ciency for DNA is excellent. The amplification efficiency of
the CARP depends on PCR, which is the third step of the
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overall detection procedure, and the minimum detectable
quantity in this work was 0.02 ng. Therefore, the sensitivity
of our method is high enough to detect low-concentration
substrate DNA. High sensitivity is a key criterion in an ideal
in vitro detection method; the other key criterion is time effi-
ciency. Compared with CRISPR/Cas9-related isothermal am-
plification and next-generation sequencing [44, 45], our meth-
od is a time-saving process for prescreening gene sites and
sgRNA sequences. The whole CARP detection procedure
can be completed within 2 h. On the basis of the advantages
above, CARP will be a promising method for evaluating site-
specific functions of CRISPR/Cas9 and validating sgRNA
sequences.

Conclusion

In summary, we have developed a specific, sensitive, and
time-saving Cas9/sgRNA-assisted reverse PCR method to
evaluate site-specific function of CRISPR/Cas9 and validate
sgRNA sequence. This method was fully verified by detecting
variety site mutations and evaluating the affinity of sgRNA
sequences. The detection method based on PCR can be used
directly in traditional reaction conditions of PCR, without the
need to establish an additional detection system. Therefore, it
can be popularized easily in laboratories that have PCR instru-
ment. According to the advantages above, it will provide a
new effective analysis tool to help us explore CRISPR/Cas9
genome engineering related research.
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