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A genome editing tool targeting the high-risk human papilloma-
virus (HPV) oncogene is a promising therapeutic strategy to treat
HPV-related cervical cancer. To improve gene knockout effi-
ciency, we developed a gene knockout chain reaction (GKCR)
method for continually generating mutagenic disruptions and
used thismethod todisrupt theHPV18E6 andE7 genes.Weveri-
fied that the GKCR Cas9/guide RNA (gRNA) cassettes could
integrated into the targeted loci via homology-independent tar-
geted insertion (HITI). The qPCR results revealed that the
GKCR method enabled a relatively higher Cas9/gRNA cassette
insertion rate than a control method (the common CRISPR-
Cas9 strategy). Tracking of Indels by DEcomposition (TIDE)
assay results showed that the GKCR method produced a signifi-
cantly higher percentage of insertions or deletions (indels) in
the HPV18 E6 and E7 genes. Furthermore, by targeting the
HPV18 E6/E7 oncogenes, we found that the GKCR method
significantly upregulated the P53/RB proteins and inhibited the
proliferation and motility of HeLa cells. The GKCR method
significantly improved the gene knockout efficiency of the
HPV18 E6/E7 oncogenes, which might provide new insights
into treatment of HPV infection and related cervical cancer.
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INTRODUCTION
High-risk human papillomavirus (Hr-HPV), especially type 16 and
18, is recognized as the main cause of cervical cancer.1 The HPV E6
and E7 viral genes are major oncogenes that participate in carcino-
genesis of cervical epithelial cells by inhibiting the P53 and RB pro-
teins, respectively.2,3 Therefore, the E6 and E7 genes are considered
critical targets for prevention and treatment of cervical cancer.

The clustered regularly interspaced short palindromic repeats-associ-
ated 9 (CRISPR-Cas9) system is a specific defense mechanism against
foreign nucleic acids in bacteria and archaea that has been repurposed
by researchers and is used widely in the gene editing field.4,5 In the
CRISPR-Cas9 system, the single guide RNA (sgRNA) combines
Molecular
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with the targeted DNA, leads the Cas9 endonuclease to the targeted
DNA sequence, and produces sequence-specific double-strand
breaks.6 Then mammal cells are repaired mainly by the error-prone
non-homologous end joining (NHEJ) mechanism, which introduces
random insertions or deletions (indels) at the targeted sites and causes
gene disruption.7–9

We and other researcher have used the CRISPR-Cas9 system to target
the E6 and E7 genes to reduce E6 and E7 protein expression, up-regu-
late P53 and RB, and inhibit the proliferation of cervical cancer
cells.10–13 Use of CRISPR-Cas9 to knock out the E6/E7 oncogenes
also enhances the anticancer effect of chemotherapeutic or targeted
drugs.14,15 However, in most cases, CRISPR-Cas9 plasmids are tran-
siently transfected into the cells and are expressed instantaneously in
the cells. The editing period is short, which leads to low efficiency.16,17

How to improve editing efficiency is an urgent problem to be solved.

In our study, we envisage further editing efficiency improvements by
exploring the gene knockout chain reaction (GKCR) based on the
CRISPR-Cas9 system. We aim to use the GKCR method to signifi-
cantly improve the knockout efficiency of the HPV18 E6/E7 genes,
which may provide new insight into treatment of cervical cancer.
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Figure 1. Schematic outlining the GKCR
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RESULTS
Outline of the GKCR

The HPV18 E6 and E7 oncogenes integrated into the host genome are
multi-copied. Effective disruption of the integrated viral genes is desir-
able and challenging. Taking advantage of the CRISPR-Cas9 genome
editing method, we developed a strategy to improve gene knockout ef-
ficiency and refer to this method as GKCR. An outline of the method is
presented in Figure 1.We reasoned that an autocatalytic knockout effect
could be generatedwith a construct having three components: (1) aCas9
gene (expressed in somatic and germline cells), (2) a gRNA targeted to a
genomic sequence of interest and the construct itself, and (3) the 23-bp
target sequence including -NGG protospacer adjacent motif (PAM)
sequence, which is the same as the targeted genomic sequence.18 We
named this tripartite construct the GKCR plasmid. In such a tripartite
construct, Cas9 should cleave the genomic target at the site directed
by the gRNA and then insert the Cas9/gRNA cassette into that locus
via homology-independent targeted insertion (HITI).18 Cas9 and the
gRNA produced from the insertion allele should then cleave the other
alleles. In this study, we called the plasmid carrying the sgRNA and
Cas9 cassettes without the 23-bp target sequence the control plasmid
Table 1. The sgRNA sequences and their corresponding PAM sequences

Targeted gene sgRNA sequence (50-30) PAM sequence (50-30)

AAVS1 GGGGCCACTAGGGACAGGAT TGG

HPV18 E6 CACAGATCAGGTAGCTTGTA GGG

HPV18 E7 GGTCAACCGGAATTTCATTT TGG
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(which is actually a common CRISPR-Cas9
plasmid). The only transfection of the GKCR
plasmid into cells was called the GKCR method,
the only transfection of the control plasmid into
cells was called the control method, and co-trans-
fection of GKCR with control plasmids into cells
was the GKCR + Ccntrol method. The Cas9/
gRNA cassette derived from the linearized
GKCR plasmid is nondirectional. It can integrate
into the targeted genomic locus as a forward inser-
tion or reverse insertion. When the Cas9/gRNA
cassette is integrated, the Cas9/gRNA cassette is
expressed continually and cuts other alleles like a
chain reaction regardlessof the insertiondirection.
Because linearizedplasmids canbe degraded faster
than circular plasmids, we performed theGKCR+
control method to compare it with the GKCR
method and control method.

A GKCR donor could be integrated into the

AAVS1 locus

We first chose theAAVS1 locus, the safe harbor in
the human genome, to test our GKCRmethods in
the HEK293T cell line. The corresponding GKCR plasmids were con-
structed according to the approaches mentioned above, with the
sgRNA sequences targeting theAAVS1 locus (Table 1).We called these
AAVS1-related plasmids AAVS1-GKCR and AAVS1-control, respec-
tively. Theoretically, in the GKCR and GKCR + control groups, a spe-
cific primer pair could detect three different integration modes at the
target locus: (1) primer genome 1 and Primer insert 1 for AAVS1-
GKCR plasmid donor forward insertion, (2) primer genome 1 and
primer insert 2 for donor reverse insertion, and (3) primer genome 1
and primer genome 2 for indels without donor insertion. In the control
group, primer genome 1 and primer genome2 could detect indels
without insertion into the target locus (Figure 2A).

HEK293T cells were transfected with (1) only the AAVS1-GKCR
plasmid, (2) only the AAVS1-control plasmid, and (3) the AAVS1-
GKCR plasmid and AAVS1-control plasmid. 72 h after transfection,
we extracted the genomic DNA of the HEK293T cells and used the
primers listed in Table 2 to perform PCR and amplify the target se-
quences. We observed that the AAVS1-GKCR donor could be in-
serted into the target site in the forward and reverse directions
when using the AAVS1-GKCR andAAVS1-GKCR + control methods
(Figure 2B). Then we Sanger sequenced these PCR products and veri-
fied that the AAVS1-GKCR donor was precisely inserted into the
AAVS1 locus (Figure 2C). Moreover, we designed specific primers
to amplify the 5’ and 3’ integration terminal and verified by PCR
and Sanger sequencing that the inserted Cas9/gRNA cassette was fully
retained (Figure 2D). The results are representative of three indepen-
dent experiments.
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Figure 2. The Cas9/gRNA cassette could be

integrated into the AAVS1 locus by the GKCR

method in HEK293T cells

(A) Schematic of the GKCR methods at the AAVS1

locus. (B and C) Agarose gel electrophoresis (B) and

Sanger sequencing (C) of PCR products to verify

Cas9/gRNA cassette integration into the targeted

AAVS1 locus. (D) PCR and Sanger sequencing

verified that the inserted Cas9/gRNA cassette was fully

retained.
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TheGKCRmethod highly knocked outAAVS1 alleles in HEK293T

cells

Because there are two copies of the AAVS1 locus in the genome, it
is easy to confirm the editing results of the two alleles by PCR and
Sanger sequencing. To further confirm the allele editing results of
the GKCR and GKCR + control methods at the AAVS1 locus, we
picked single clones of the transfected HEK293T cells and
verified the editing types of the two alleles in each clone by PCR
and Sanger sequencing. There were 10 kinds of edited types at
the AAVS1 locus (Figure 3A). We picked 10 clones from GKCR-
and GKCR + control-transfected HEK293T cells, respectively.
Details of two clones in the AAVS1-GKCR group are shown in
Figure 3B. We verified that two alleles of clone 1 were induced in-
dels, whereas in clone 2, one allele exhibited the AAVS1-
GKCR donor forward insertion, and the other allele was
induced indels (Figure 3B). Among 10 monoclonals of the
AAVS1-GKCR group, seven clones had the AAVS1-GKCR
donor forward integrated in allele 1 and indels without donor
Molecular
integration in allele 2; the other three
clones had indels in both alleles (Table S1).
Among 10 monoclonals of the AAVS1-
GKCR + control group, four clones had the
AAVS1-GKCR donor forward integrated
in allele 1 and indels without plasmid
integration in allele 2, five clones had indels
in both alleles, one clone had indels in
one allele, and the other allele was unedited
(Table S2).

We also performed a TIDE assay of poly-
clonal cells before monoclonal cultivation to
analyze the indel percentage on the AAVS1
locus. The results showed that the knockout
efficiency, on average, was 21.47% in the
AAVS1-GKCR group, 14.20% in the
AAVS1-control group, and 17.8% in the
AAVS1-GKCR + control group. The
knockout efficiency of the AAVS1-GKCR
group was significantly higher than that of
the AAVS1-control group (p < 0.01). The
knockout efficiency was not significantly
enhanced in the AAVS1-GKCR + control
group (Figure 3C). The results are representative of three indepen-
dent experiments.

The GKCR method significantly knocked out the HPV18 E6 and

E7 oncogenes in HeLa cells

Cervical cancer is caused byHr-HPV persistence. HPV18 is one of the
most common pathogenic subtypes. Furthermore, the E6 and E7 viral
genes play critical roles in carcinogenesis. There are multiple copies of
HPV genes in HeLa cells.19 Because the integrated GKCR donor can
express sgRNA and Cas9 to continuously target other copies, we as-
sume that the GKCR strategy is feasible for significantly disrupting
HPV oncogenes to treat cervical cancer.

First we designed sgRNA targeting the HPV18 E6 and E7 genes,
called HPV18-E6-31 and HPV18-E7-51, respectively. The sgRNA
sequences are listed in Table 1. The corresponding GKCR, control
(traditional CRISPR-Cas9), GKCR + control (simultaneous trans-
fection of GKCR and traditional CRISPR-Cas9) and vector (gRNA
Therapy: Oncolytics Vol. 24 March 2022 173
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Table 2. The sequences of the primers used in PCR amplification to verify insertion

Targeted gene Edited categories Forward primer (50-30) Reverse primer (50-30)

AAVS1

forward insertion AAAACTGACGCACGGAGG ACGATACAAGGCTGTTAGAGAGA

reverse insertion AAAACTGACGCACGGAGG AGAGTGAAGCAGAACGTGGG

no insertion AAAACTGACGCACGGAGG CATCTCTCCTCCCTCACCCA

HPV18 E6

forward insertion GAAAGGACGAAACACCGCAC ATTCAACGGTTTCTGGCACC

reverse insertion GGGGCGTACTTGGCATATGA ATTCAACGGTTTCTGGCACC

no insertion CGAAATAGGTTGGGCAGCAC ATTCAACGGTTTCTGGCACC

HPV18 E7

forward insertion AAGGACGAAACACCGGTCAA CCTCCCCGTCTGTACCTTCT

reverse insertion GGGGCGTACTTGGCATATGA CCTCCCCGTCTGTACCTTCT

no insertion TAATAAGGTGCCTGCGGTGC CCTCCCCGTCTGTACCTTCT
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empty vector) plasmids were then constructed as mentioned
above.

To disrupt the HPV18 E6 gene, we transfected HeLa cells
with HPV18-E6-31-GKCR, HPV18-E6-31-control, HPV18-E6-31-
GKCR + control, or vector plasmids. We also disrupted the
HPV18 E7 gene by using the related HPV18-E7-GKCR plasmids.
72 h after transfection, the cells were harvested to extract the
genomic DNA. We performed PCR and Sanger sequencing to verify
that the GKCR donor integrated into the target sites. As shown in
Figure 4A, we observed that the HPV18-E6-31-GKCR donor could
be inserted into the E6 target site in forward and reverse directions
when using the HPV18-E6-31-GKCR and HPV18-E6-31-GKCR +
control methods. The same insertion patterns were found in the
HPV18-E7-51-GKCR and HPV18-E7-51-GKCR + control groups.
Sanger sequencing proved the PCR products’ specific sequences
(Figure 4B). The results are representative of three independent
experiments.

Next we compared the editing efficiency on the HPV18 E6/E7 locus of
each group. Because HPV18 E6 and E7 are multi-copied genes in
HeLa cells, PCR and Sanger sequencing to identify allele editing re-
sults is not feasible to determine which strategy is better. The editing
results at the target site are of four types: (1) donor forward integra-
tion, (2) donor reverse integration, (3) indels without donor integra-
tion, and (4) unedited. Except for the unedited type, the other three
types of editing results could destroy the DNA sequence of the
HPV18 E6/E7 genes. Therefore, to compare the donor insertion effi-
ciency of each group, we performed qPCR by using donor insertion-
specific primers to identify which method is more likely to insert the
donor into the target sites. Then relative insertion fold change (FC)
was determined according to FC = 2�DDCT (DDCT = DCT – DCTvec-

tor). The forward insertion efficiency of the HPV18-E6-31-GKCR
donor in the GKCR group was, on average, 24.21 times that of the
control group (p < 0.001). The value of the reverse insertion efficiency
was, on average, 13.46 times that of the control group (p < 0.001). The
forward and reverse insertion efficiency of the HPV18-E7-51-GKCR
donor in the GKCR group was, on average, 18.29 times and 5.83 times
that of the control group (p < 0.001). The GKCR method generally
174 Molecular Therapy: Oncolytics Vol. 24 March 2022
performed better regarding donor insertion efficiency compared
with the GKCR + control and control methods (Figure 4C). More-
over, we performed a TIDE assays to observe the indel efficiency
(without donor integration) of the target sites in each group. At the
HPV18-E6-31 site, the indel percentage of the GKCR method was,
on average, 16.97%, and that of GKCR + control was 13.03%
compared with the 7.93% of the control method. The indel percentage
of the GKCR method was significantly higher than that of the control
method (p < 0.001). At the HPV18-E7-51 site, the indel percentage of
the GKCR strategy was, on average, 21.45%, whereas that of GKCR +
control was 10.6% compared with the 8.1% of the control method.
The indel percentage of the GKCR method was significantly higher
than that of the control method (p < 0.01) (Figure 4D). The results
are representative of three independent experiments.

Gene knockout efficiency comprises three parts: donor forward inser-
tion, donor reverse insertion, and indels without donor insertion, and
the GKCR method performed better regarding the donor insertion
rate and indel percentage compared with the control and GKCR +
control method. These results are consistent with the results observed
at the AAVS1 locus.

The GKCR method upregulated P53/RB proteins and inhibited

the proliferation and motility of HeLa cells by targeting the

HPV18 E6/E7 oncogenes

Western blot analyses of the P53/RB proteins were performed in
HeLa cells transfected with the corresponding GKCR, control,
GKCR + control, or vector plasmids. Compared with the control
group, the expression levels of P53 proteins were upregulated in the
HPV18-E6-31-GKCR-treated group (p < 0.01). Similarly, upon treat-
ment of HPV18-E7-51-GKCR, the expression levels of RB proteins
were upregulated (p < 0.05) (Figure 5A). The GKCRmethod targeting
HPV18 E6/E7 sites could effectively disrupt the oncogenes and upre-
gulate the expression levels of the P53/RB proteins.

To examine whether the GKCR method could inhibit the growth of
HeLa cells, the corresponding plasmids were transfected into HeLa
cells, and then cell viability was measured using a Cell Counting
Kit-8 (CCK-8) assay. Compared with the control group, proliferation



A

B

C

Figure 3. GKCR method significantly knocked out

AAVS1 alleles in HEK293T cells

(A) Schematic of the possible editing results of the two

AAVS1 alleles in one HEK293T cell. (B) Editing results of

two monoclonals in the AAVS1-GKCR group, verified by

agarose gel electrophoresis and Sanger sequencing. (C)

TIDE assays revealed that the GKCR method induced a

significantly higher indel percentage than the control

method at the AAVS1 locus. Data are presented as

means ± SD (n = 3 per group). **p < 0.01; n.s., not sig-

nificant; analyzed by one-way ANOVA and Tukey’s post

hoc test.
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activity of HeLa cells treated with HPV18-E6-31-GKCR or
HPV18-E7-51-GKCR method was decreased significantly (p < 0.05)
(Figure 5B).

A wound healing assay was performed to evaluate the motility of
HeLa cells treated with related plasmids as described above. Cell
migration rates were calculated for comparing the motility of the
HeLa cells in different groups. Compared with control groups, the
GKCR method targeting the HPV18 E6/E7 oncogenes specifically in-
hibited the motility of HeLa cells (HPV18-E6-31-GKCR, p < 0.05;
HPV18-E7-51-GKCR, p < 0.01) (Figure 5C).

DISCUSSION
With the increasing incidence and mortality rate of cervical cancer,
there is a growing need for effective strategies to treat this disease. Pre-
vious research has revealed that using programmable gene-editing
tools to disrupt HPV viral genes could inhibit their expression levels
Molecula
and treat cervical cancer.10–12,15 Integrated HPV
viral genes in cervical cancer cells are multi-
copied.19 However, transient transfection of ed-
iting tools targeting HPV viral genes might only
cut some of the copies and not others. Editing ef-
ficiency needs to be improved.

Here we used GKCR strategies to disrupt the
HPV18 E6 and E7 genes in HeLa cervical can-
cer cells. The control method is the regular
gene knockout strategy; it just transiently ex-
presses Cas9 protein and sgRNAs without
donor insertion. The GKCR method uses the
same Cas9 and sgRNAs with the same target
sequence as the genomic locus to linearize
and insert into the genome target locus. The
GKCR + control method is a mixture of the
GKCR and control methods (Figure 1). We
speculated that GKCR could serve as the donor
and be integrated into the target sites, where it
continually expresses Cas9 protein and the
sgRNA and disrupts the other copies. There-
fore, the GKCR approach enables us to signif-
icantly disrupt the HPV18 viral genes. The
multi-copied E6 and E7 viral genes would eventually be disrupted
if sgRNA-Cas9 could be expressed continuously to perform the
cleavage function.

We observed that the GKCR method could significantly improve the
Cas9/gRNA cassette integration rate compared with the GKCR +
control method (Tables S1 and S2; Figure 4C) and produce a signif-
icantly higher indel rate than the common CRISPR-Cas9 strategy
(Figures 3C and 4D). This phenomenon might due to GKCR
inducing a relatively high level of linearized donor insertion followed
by continuous gene disruption, which is superior to the GKCR + con-
trol and control methods. Of note, the Cas9/gRNA cassette forward
insertion rate is much higher than the reverse insertion rate among
the picked monoclonals (Tables S1 and S2). We reasoned that the
reverse insertion pattern could re-form a sgRNA target sequence
that might induce re-editing until the targeted sequences are
destroyed.18
r Therapy: Oncolytics Vol. 24 March 2022 175
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Figure 4. GKCR method highly knocked out HPV18

E6 and E7 oncogenes in the HeLa cells

(A and B) Agarose gel electrophoresis (A) and Sanger

sequencing (B) of PCR products to verify that the Cas9/

gRNA cassette integrated into the targeted HPV18 E6 and

E7 locus. (C) Fold changeof forwardand reverse integration

of the corresponding Cas9/gRNA cassettes into the

respective target sites, analyzed by qPCR. Data are pre-

sented as mean ± SD (n = 3 per group). **p < 0.01, ***p <

0.001; analyzed by two-tailed Students’ t test. (D) TIDE

assays revealed that the GKCR method induced a signifi-

cantly higher indel percentage than the control method at

the HPV18 E6 and E7 locus. Data are presented asmean±

SD (n = 3 per group). *p < 0.05, **p < 0.01, ***p < 0.001;

analyzed by one-way ANOVA and Tukey’s post hoc test.
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The GKCR method could insert the Cas9/gRNA cassette into the tar-
geted genome sites and activate a GKCR, which achieves a higher
knockout efficiency than the common CRISPR-Cas9 strategy. This
chain reaction may serve as an effective treatment approach to
robustly disrupt multi-copied HPV viral genes to treat cervical cancer.
MATERIALS AND METHODS
Plasmid construction

The pX330-U6-Chimeric_BB-CBh-hSpCas9 vector was a gift from Feng
Zhang20 (Addgene, catalog number 42230). We used the website http://
crispor.tefor.net/ to design sgRNA targeting the AAVS1 site and the
HPV18 E6 and E7 genes. The sgRNAs sequences are listed in Table 1.
Then the sgRNA oligos were synthesized and cloned into the pX330-
U6-Chimeric_BB-CBh-hSpCas9 vector by Genewiz (Suzhou, China) to
obtain the control plasmid. Then the target sequences (including the
176 Molecular Therapy: Oncolytics Vol. 24 March 2022
-NGG PAM) were cloned into the control vector
to obtain the GKCR plasmid.

Mammalian cell culture

The human embryonic kidney 293T
(HEK293T) cell line and HeLa cervical cancer
cell line were purchased from the ATCC. These
cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM; Gibco, catalog number
C11995500BT) supplemented with 10% fetal
bovine serum (FBS; Gibco, catalog number
10270-106) and incubated at 37�C and 5%
CO2 in a constant-temperature incubator. The
medium was changed every other day. Cell
passaging was performed at a 1:3 split ratio
when the cells reached 90% confluence.

Plasmid transient transfection

Plasmid transient transfection was carried out
using X-tremeGENE HP DNA transfection re-
agent (Roche, catalog number 6366244001) ac-
cording to the manufacturer’s protocol.
HEK293T or HeLa cells were seeded at density of 3 � 105 cells per
well with 2 mL 10% FBS-supplemented DMEM in 6-well culture
plates and transfected after 24 h with a total amount of 2 mg plasmid
per well. Specifically, for the GKCR method, 2 mg GKCR plasmid was
used; for the control method, 2 mg control plasmid was used; and for
the GKCR + control method, 1 mg GKCR and 1 mg control plasmids
were used to transfect the cells. For the vector method, 2 mg empty
sgRNA pX330-U6-Chimeric_BB-CBh-hSpCas9 vector plasmid was
transfected as an additional control. Transfected cells were cultured
for 3 days and then harvested for genomic DNA extraction using
the EasyPure Genomic DNA Kit (Transgen, catalog number
TEE101-01) according to the manufacturer’s instructions.

Donor insertion verification by PCR and sanger sequencing

Donor insertion was verified by PCR and Sanger sequencing.
There are three types of editing categories: GKCR donor forward

http://crispor.tefor.net/
http://crispor.tefor.net/
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Figure 5. GKCR method upregulated the P53/RB

proteins and inhibited the proliferation and motility

of the HeLa cells by targeting the HPV18 E6/E7

oncogenes

(A) Western blot analysis. *p < 0.05, **p < 0.01; analyzed

by two-tailed Students’ t test. (B) CCK-8 assay. *p < 0.05,

analyzed by two-way RM ANOVA with Sidak’s multiple

comparisons test. (C) Wound healing assay; scale bars,

250 mm. *p < 0.05, **p < 0.01; analyzed by two-tailed

Students’ t test.
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insertion, GKCR donor reverse insertion, and no GKCR donor
insertion. After transfection, genomic DNA was extracted and
amplified by PCR using the primer pairs listed in Table 2. We
used 2�EasyTaq PCR SuperMix (Transgen, catalog number
AS111-01) with 200 ng genomic DNA as the template and
10 mM forward and reverse primers in a final volume of 50 mL
on a thermal cycler (Bio-Rad, C1000). The PCR program was as
follows: 94�C for 3 min and then 35 cycles of denaturation at
94�C for 30 s, annealing at 60�C for 30 s and elongation at 72�C
for 1 min, final extension at 72�C for 5 min, and hold at 4�C.
The PCR products were determined by gel electrophoresis and
Molecular
Sanger sequencing. The Sanger sequencing
was consigned to Sangon Biotech.

Editing efficiency analysis by TIDE assay

A TIDE assay was used to assess editing effi-
ciency as in a previous study.21 Genomic
DNA was extracted with the EasyPure
Genomic DNA Kit (Transgen, catalog number
TEE101-01) according to the manufacturer’s
instructions. Then 100 ng of genomic DNA
was used in a PCR reaction using 2�EasyTaq
PCR SuperMix (Transgen, catalog number
AS111-01) and primers surrounding the
sgRNA target region. The primer sequences
used for amplification of the edited locus are
listed in Table 3.

Relative donor insertion rate measurement

by qPCR

Transfected HeLa cells were harvested to
extract the genomic DNA and perform
qPCR by using PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific; catalog num-
ber A25742) and on a real-time PCR appa-
ratus (Bio-Rad, CFX96). qPCR was conducted
on 100 ng genomic DNA per reaction, with
GAPDH as a reference gene. Primers used
for relative donor insertion rate determina-
tion are listed in Table 4. The following pro-
gram was used: one step at 50�C for 2 min
and then 95�C for 2 min, 40 cycles of dena-
turation at 95�C for 15 s, and annealing/elongation at 60�C for
1 min. The amplification specificity was evaluated by determining
the product melting curve. The D-D method was used for target
sequence quantification normalized to GAPDH gene amplification
comparative threshold (CT) value average. Relative doner inser-
tion copy number was normalized using the formula DCT = CT
(donor insertion) – CT (GAPDH) and determined according to
the following formula DDCT = DCT – DCTVector. The value
used to plot relative donor insertion fold change was determined
using FC = 2�DDCT. Three technical replicates were used for
each reaction.
Therapy: Oncolytics Vol. 24 March 2022 177
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Table 3. The sequences of the primers used in the TIDE assay

Targeted gene Forward primer (50-30) Reverse primer (50-30)

AAVS1 AAAACTGACGCACGGAGG CATCTCTCCTCCCTCACCCA

HPV18 E6 CGAAATAGGTTGGGCAGCAC ATTCAACGGTTTCTGGCACC

HPV18 E7 TAATAAGGTGCCTGCGGTGC CCTCCCCGTCTGTACCTTCT

Molecular Therapy: Oncolytics
Western blot analysis

Cells were lysed in modified radio immunoprecipitation assay (RIPA)
buffer (P0013B, Beyotime), and protein concentration was calculated
by the bicinchoninic acid (BCA) protein quantification kit (P0012S,
Beyotime). Target proteins and internal reference protein were
analyzed by western blot assay, using the following antibodies: mouse
anti-GAPDH antibody (97166T, CST, USA), Mouse anti-P53 anti-
body (2524T, Cell Signaling Technology), mouse anti-RB antibody
(9309T, CST), and horseradish peroxidase (HRP)-conjugated goat
anti-mouse secondary antibody (SA00001-1, Proteintech). Equal
amounts of 30 mg of total protein were separated by 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and then the pro-
teins were transferred onto polyvinylidene fluoride (PVDF) mem-
branes. All PVDF membranes were blocked in skim milk for 1 h at
room temperature and then incubated with primary antibodies at
4�C overnight. The next day, the membranes were washed with tris
buffered saline with tween (TBST) and incubated with an HRP-con-
jugated secondary antibody at room temperature for 1 h. An
enhanced chemiluminescence (ECL) system was used to visualize
the immunoreactive bands.
Cell viability assay

Cell viability was evaluated using CCK-8 (CK04, Dojindo). HeLa cells
were seeded into 96-well plates with 5 � 103 cells per well and trans-
fected with the corresponding plasmids as described previously after
16–20 h. 0, 24, 48, 72, and 96 h after transfection, 10 mL CCK-8 solu-
tion was added to each well. Immediately after 2 h incubation at 37�C,
absorbance values of cells were measured at 450 nm using a micro-
plate reader. Each experiment was repeated three times.
Wound healing assay

After 24 h of corresponding plasmid transfection, cells were seeded in
6-well plates at a density of 1� 105 cells. A linear scratch was created
in the monolayer of cells with a sterile 10-mLmicropipette tip. The de-
Table 4. The sequences of the primers used in qPCR

Targeted gene Category Forward p

HPV18 E6
forward insertion CGGGAC

reverse insertion CGGGAC

HPV18 E7
forward insertion TCCAACG

reverse insertion TCCAACG

GAPDH reference gene GAAGGT
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tached cells were rinsed three times using PBS and then incubated in
DMEM. After 24-h and 48-h cell culture, the distance between the
two sides of the scratch was captured, and we measured the dynamic
change of width and analyzed cell migration using ImageJ.
Statistical analyses

We present the data as mean ± SD. Two-tailed Students’ t test, one-
way ANOVA with Tukey’s post hoc test or two-way RM ANOVA
with Sidak’s multiple comparisons test was used to analyze the differ-
ences between groups. GraphPad Prism 8 software (GraphPad) was
used to perform statistical analyses. A p value of less than 0.05 was
defined to be statistically significant.
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Supplementary Tables  

Table S1: Editing type of each clone in the AAVS1-GKCR group. 

Clone Number Allele-1 Allele-2 

GKCR-1 forward insertion Indel 

GKCR-2 forward insertion Indel 

GKCR-3 forward insertion Indel 

GKCR-4 forward insertion Indel 

GKCR-5 forward insertion Indel 

GKCR-6 forward insertion Indel 

GKCR-7 Indel Indel 

GKCR-8 Indel Indel 

GKCR-9 Indel Indel 

GKCR-10 forward insertion Indel 

 

  



Table S2: Editing type of each clone in the AAVS1-GKCR+Control group. 

Clone Number Allel-1 Allel-2 

GKCR+Control-1 Indel Indel 

GKCR+Control-2 forward insertion Indel 

GKCR+Control-3 Indel Indel 

GKCR+Control-4 Indel Indel 

GKCR+Control-5 forward insertion Indel 

GKCR+Control-6 forward insertion Indel 

GKCR+Control-7 forward insertion Indel 

GKCR+Control-8 unedited Indel 

GKCR+Control-9 Indel Indel 

GKCR+Control-10 Indel Indel 
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