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Abstract. High-risk human papillomavirus (HPV) is a common 
cause of cervical cancer. HPV E6 oncoprotein promotes the 
degradation of host tumor suppressor gene p53, leading to the 
development of tumors. Therapeutic strategies that specifically 
target E6, which is constitutively expressed in tumors and is 
not present in normal tissues, may be highly effective and 
safe. CRISPR-CRISPR associated protein 9 (Cas9) is one of 
the genome editing technologies that has recently garnered 
attention, and is used to knockout target gene expression. By 
combining cervical cancer cell lines engineered to constitu-
tively express Cas9 and an adeno‑associated virus (AAV) vector 
carrying a single guide (sg) RNA targeting E6 (AAV‑sgE6), 
the present study sought to investigate the effects of this novel 
therapeutic approach on cervical cancer. The Cas9 gene was 
transfected into three high-risk HPV-positive cervical cancer 
cell lines (HeLa, HCS‑2, and SKG‑I) to establish cell lines 
that constitutively expressed Cas9. Using these cell lines, 
genetic mutations and their frequencies, as well as the levels 
of protein expression, apoptosis and cell proliferation were 
examined in vitro. In addition, the effects of AAV‑sgE6 were 
examined in a mouse model of cervical cancer in vivo by a 
single administration of AAV‑sgE6 directly into subcutaneous 
tumors. The results demonstrated that multiple mutations 
occurred frequently in the targeted E6 genomic sequence in 
cervical cancer cells transduced with AAV‑sgE6. In addition, 
these AAV‑sgE6‑transduced cells had reduced expression of 
E6, increased expression of p53, increased apoptosis and their 
growth was suppressed in a concentration-dependent manner. 

Furthermore, subcutaneous tumor growth was significantly 
suppressed in vivo following intratumoral administration 
of AAV‑sgE6, and adverse events due to AAV‑sgE6 admin-
istration were not observed. Collectively, the present results 
indicated that targeting E6 expression in high‑risk HPV by 
CRISPR‑Cas9 is a highly specific and effective strategy that 
may be effective in treating patients with cervical cancer.

Introduction

Cervical cancer is the second most common cause of 
cancer-related deaths in women worldwide (1). Each year, 
approximately 500,000 women are diagnosed with cervical 
cancer, and 270,000 will die from it (1). Patients with advanced 
cervical cancer are treated with surgery, radiation therapy, 
chemotherapy, or a combination of these strategies. However, 
the prognosis of advanced cervical cancer remains poor, with 
no significant improvements in the overall treatment outcome 
over the last three decades (2). Cervical cancer is caused 
by high‑risk human papillomavirus (HPV) infection (3-5). 
Specifically, persistent infection of the basal epithelial cells of 
the cervix by high‑risk HPV causes the integration of the HPV 
genome into the host chromosome, which leads to the expres-
sion of the HPV-E6 oncoprotein that inactivates the tumor 
suppressor gene p53, resulting in tumor formation (6,7). Thus, 
suppressing the expression of E6 may lead to the treatment of 
cervical cancer. Furthermore, the expression of E6 is limited to 
cervical lesions, with no expression in healthy tissue, including 
the cervix (8). Therefore, specific targeting of E6 expression is 
likely a safe strategy that would spare normal tissue.

CRISPR-Cas9 is one of the genome editing technologies 
that has gained much attention in recent years. It induces double 
stranded breaks (DSBs) at specific target DNA locations by the 
combined action of a single guide RNA (sgRNA) that recognizes 
a specific DNA sequence and the Cas9 nuclease that induces 
DSBs (9). During the repair of these DSBs by non‑homologous 
end joining, gene mutations often occur in the form of base 
insertions or deletions. Expression of a gene can be knocked out 
if these mutations occur in the coding region of the gene (10). 
Thus, CRISPR‑Cas9 can be used to induce the specific knockout 
of E6 expression in cervical cancer cells. However, application 
of such a strategy in clinical practice requires an effective vector 
that enables gene transfer into targeted cervical cancer cells.
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Adeno‑associated virus (AAV) vector is an attractive 
option for gene transfer as it is derived from a non-pathogenic 
virus and can induce gene transfer in non-dividing cells (11). 
Previous studies have demonstrated prolonged transgene 
expression and clinical benefits following the direct adminis-
tration of the AAV vector into humans (12). Several serotypes 
of AAV vectors with varying gene transfer efficacy for specific 
tissues and organs have been reported. For example, AAV sero-
types 1 and 7, 2 and 3, 5, and 8 are effective in gene transfer 
in the skeletal muscles, nerves, and liver, respectively (13). 
We previously reported that the AAV type 2 vector was the 
most effective in inducing gene transfer into cervical cancer 
cells (14).

There are no treatment strategies for cervical cancer 
that target high‑risk HPV E6. In the present study, we 
performed in vitro and in vivo experiments to develop a 
CRISPR‑Cas9‑based, effective, and highly specific therapy 
targeting high-risk HPV E6 for cervical cancer.

Materials and methods

Cell culture. HPV 18-positive human cervical cancer cell 
lines (HeLa, HCS-2, SKG-I), and human immortal cell line 
293 were purchased from the Japanese Collection of Research 
Bioresources Cell Bank (JCRB, Osaka, Japan). These cells 
were cultured in Dulbecco's Modified Eagle Medium/F12 
(DMEM/F12; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) supplemented with 10% inactivated fetal bovine serum 
(FBS; Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) 
and 1% penicillin/streptomycin (Thermo Fisher Scientific, 
Inc.) at 37˚C under 5% CO2.

Construction of the plasmid vector. The part of the CMV 
promotor and Cas9 which was tagged with human influ-
enza hemagglutinin (HA) were cut out from the SpeI 
and XbaI site of pRGEN‑Cas9‑CMV (Toolgen, Seoul, 
South Korea) and inserted into the SpeI and XbaI sites of 
pCMV‑IRES‑bsr (15) to produce the Cas9‑expression vector 
(pCMV‑Cas9‑HA‑IRES‑bsr).

Optimized CRISPR Design (crispr.mit.edu/) was used 
to search for the HPV18 E6 sequence to be targeted by 
CRISPR. The sequence with the highest score was selected. 
Two DNA oligonucleotides, 5'‑CAC CGG AGC TTG TAG 
GGT CGC CGT GT‑3' and 5'‑AAA CAC ACG GCG ACC CTA 
CAA GCT C‑3', were annealed and inserted at the BsaI site of 
pRGEN‑U6‑sgRNA (Toolgen) to produce a vector expressing 
an sgRNA targeting E6 (sgE6) (pRGEN‑U6‑sgE6). Two 
inverted terminal repeats (ITRs) cleaved from pWlacZ (16) 
were then added to the vector to produce pW‑U6‑sgE6. 
Two ITRs cleaved from pWlacZ were also added to 
pRGEN‑U6‑sgRNA to produce pW‑U6‑sgRNA, which was 
used as a control vector.

Establishment of Cas9‑expressing cervical cancer cell lines. 
HeLa, HCS-2, and SKG-I cell lines were transfected with 
pCMV‑Cas9‑HA‑IRES‑bsr using Lipofectamine LTX and 
Plus Reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
Transfected cells were selected by culturing in cell culture 
media containing 10 µg/ml of Blasticidin S Hydrochloride 
(Funakoshi, Tokyo, Japan) to collect single colonies.

Cell growth curve. Tumor cells were plated onto 96-well plates 
(500 cells/well), and 10 µl of Premix WST‑1 Cell Proliferation 
Assay System (Takara Bio Inc., Tokyo, Japan) was added to 
each well every 24 h. Absorption was measured at 450 nm 24 h 
after premix added using SpectraMax 190 (Molecular Devices, 
LLC, Sunnyvale, CA, USA) to produce a cell growth curve.

AAV vector preparation. sgE6‑containing and control AAV 
vectors were prepared by transfecting the 293 cells with 3 plas-
mids, including pW‑U6‑sgE6, or pW‑U6‑sgRNA, adenovirus 
helper plasmid (16), and AAV type 2 helper plasmid (17,18) 
via calcium phosphate transfection, and cells were collected 
72 h later. Cells were then exposed to three freeze‑thaw 
cycles to obtain the recombinant AAV vectors. The solution 
containing the vectors was purified by cesium chloride density 
gradient centrifugation, and the vector titer was measured by 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) as described previously (19).

Detection of mutations in the E6 genome. Cas9‑expressing 
cells were seeded onto 6-well plates at a concentration of 
5x104 cells/well, and were transduced 24 h later with AAV‑sgE6 
(1x105 viral genomes (vg)/cell). Cells were collected by trypsin 
48 h later, and DNA was extracted according to the protocol 
using the QIAamp® DNA Mini kit (Qiagen GmbH, Hilden, 
Germany). The extracted DNA was used as a template to 
perform PCR using TaKaRa Ex Taq Hot Start version (Takara 
Bio Inc.) and PTC-100 (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA) to amplify the E6 genome. The following primers 
were used for the reaction: Forward: 5'‑GGG AGT GAC CGA 
AAA CGG TC‑3', reverse: 5'‑GTG TTT CTC TGC GTG TTG 
T‑3'. PCR was carried out using 40 cycles of heating at 95˚C 
for 30 sec, 56˚C for 30 sec, and 75˚C for 30 sec. The PCR 
product was cloned according to the protocol using the Mighty 
TA‑cloning kit (Takara Bio Inc.), and Sanger sequencing 
was performed using the Applied Biosystems 3730xl DNA 
Analyzer (Thermo Fisher Scientific, Inc.).

T7 Endonuclease 1 (T7E1) assay. Tumor cells were seeded 
onto 6‑well plates at 5x104 cells/well, incubated for 24 h, 
and transduced with either AAV‑sgE6 or AAV‑sgNC at 
1x105 vg/cell. Cells were collected by trypsin 48 h later, 
and DNA was extracted according to the protocol using the 
QIAamp® DNA Mini kit. The extracted DNA was used as a 
template to amplify the E6 genome. Using the thermal cycler 
PTC‑100, PCR products were denatured for 2 min at 95˚C, 
then cooled to 30˚C over 10 min, and annealed. Double‑strand 
DNA was reacted with T7 Endonuclease (M0302S; New 
England BioLabs, Inc., Ipswich, MA, USA) at 37˚C for 20 min. 
Electrophoresis was performed with a 0.8% agarose gel, and 
imaged using the BioDoc‑It® Imaging System (UVP, Inc., 
Upland, CA, USA).

RT‑qPCR. Tumor cells were seeded onto 6-well plates at 
5x104 cells/well, incubated for 24 h, and transduced with either 
AAV‑sgE6 or AAV‑sgNC at 1x105 vg/cell. Cells were collected 
by trypsin 48 h later, and DNA was extracted according to the 
protocol for the QIAamp® DNA mini kit. qPCR was performed 
according to the protocol using the Thermal Cycler Dice Real 
Time System II (Takara Bio Inc.). The PCR was carried out 
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using 40 cycles of heating at 95˚C for 15 s, 58˚C for 15 s, and 
72˚C for 20 s.

Mutations in the E6 genome were measured by qPCR 
using a protocol adopted from a previous report (20). Primers 
with the following sequences were used: Mut primer forward: 
5'‑TTT GAG GAT CCA ACA CGG CGA‑3'. Mut primer reverse: 
5'‑GTC TTG CAG TGA AGT GCT CAG‑3'. CTL primer forward: 
5'‑GTG CCR GAA ACC GTT GAA TCC‑3'. CTL primer reverse: 
5'‑CCA GCT ATG TTG TGA AAT CG TCG‑3'. To assess the 
validity of this assay, plasmid vectors containing non‑mutated 
and mutated E6, as identified by Sanger sequencing, were used 
as templates to perform qPCR using two pairs of primers. 
Furthermore, the plasmid vectors mixed at varying ratios (10:0, 
9:1, 8:2, 5:5, 2:8, 1:9, 0:10) were used as templates for qPCR to 
evaluate the quantitative ability of the assay. qPCR results were 
analyzed using the relative quantification (RQ) value (21), and 
the mutation rate was calculated as (1‑RQ) x100 (%).

Western blot analysis. Tumor cells were seeded onto 6-well 
plates at 5x104 cells/well, incubated for 24 h, and transduced 
with either AAV‑sgE6 or AAV‑sgNC at 1x105 vg/cell. Cells 
were lysed 48 h later using lysis buffer (1% NP‑40, 150 mM 
NaCl, 50 mM Tris‑HCl, pH 8.0), and extracted proteins were 
mixed with 1% sodium dodecyl sulfate (SDS) sample buffer 
(10 mM Tris‑HCl, pH 7.5, 150 mM NaCl, 1% SDS, EDTA‑free 
Protease inhibitor cocktail (Roche, Basel, Switzerland), sepa-
rated by electrophoresis using 5% (for HA, Rb) or 12.5% (for 
E6, p53, actin) polyacrylamide gels, and transferred onto 
polyvinylidene fluoride (PVDF) membranes (Merck KGaA, 
Darmstadt, Germany). Membranes were left at room tempera-
ture for 1 h in PVDF Blocking Reagent for Can Get Signal® 
(Toyobo Life Science, Osaka, Japan), washed three times using 
Tris‑buffered saline‑Tween‑20 (TBS‑T), and incubated over-
night with the following antibodies at room temperature in 
Can Get Signal® Immunoreaction Enhance Solution 1 (Toyobo 
Life Science): Anti‑HA‑probe antibody (cat. no. sc‑7392; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA), anti‑HPV18E6 
monoclonal antibody (cat. no. sc‑365089; Santa Cruz 
Biotechnology, Inc.), anti‑p53 monoclonal antibody (cat. 
no. sc‑126; Santa Cruz Biotechnology, Inc.), anti‑Rb mono-
clonal antibody (cat. no. 9313; Cell Signaling Technology, Inc., 
Danvers, MA, USA), and anti‑actin polyclonal antibody (cat. 
no. A2066; Sigma‑Aldrich; Merck KGaA). After the reac-
tion, membranes were washed three times with TBS‑T, and 
incubated with peroxidase‑labeled anti‑mouse or anti‑rabbit 
antibodies (GE Healthcare Japan, Tokyo, Japan) in Can Get 
Signal® Immunoreaction Enhance Solution 2 (Toyobo Life 
Science) at room temperature for 1 h. Membranes were then 
washed three times with TBS‑T, incubated with ECL prime 
western blotting detection reagent (GE Healthcare Japan), 
and imaged using a cooled CCD system (LAS‑4000mini: GE 
Healthcare Japan).

Apoptosis. Cells were seeded onto 12-well plates at 
5x104 cells/well, incubated for 24 h, and transduced with 
either AAV‑sgE6 or AAV‑sgNC at 1x105 vg/cell. The 
Apoptotic/Necrotic cells detection kit (PromoKine, Heidelberg, 
Germany) was used as per its protocol 24 h after the transduc-
tion, and FITC‑Annexin V‑positive cells were imaged using 
an inverted microscope (IX73l; Olympus Corporation, Tokyo, 

Japan). The number of FITC‑positive cells was counted per 
high power field (HPF).

In vitro cell growth. Cells were seeded onto 96-well plates at 
50 cells/well, and were transduced with either AAV‑sgE6 or 
AAV‑sgNC at 0‑1x107 vg/cell. Premix WST‑1 cell proliferation 
assay system (Takara Bio Inc.) was added at 10 µl/well 96 h 
after the transduction, and the absorbance was measured at 
450 nm 24 h later using SpectraMax 190 (Molecular Devices, 
LLC).

In vivo experiments. Six to seven‑week‑old (15‑20 g) Balb/c 
nude mice (CLEA Japan, Inc., Tokyo, Japan) were used for 
the in vivo experiments (n=8). SKG‑I was selected among the 
three cervical cancer cell lines as it has been reported to induce 
tumors in nude mice. A total of 5x106 Cas9‑expressing SKG‑I 
cells (SKG-I/Cas9) were injected under the dorsal skin of nude 
mice. Simultaneously, 2x1012 vg AAV‑sgE6 or AAV‑sgNC were 
injected once in the same location. Tumor size was measured 
with calipers twice a week, and the tumor volume was calculated 
as length x width2 x1/2. All mice were sacrificed by cervical 
dislocation when the diameter of tumors in the AAV‑sgNC group 
reached over 20 mm. Changes in body weight were measured, 
and gross observation of the injection site was performed at 
the experimental endpoint. DNA was extracted from tumors in 
both groups using the QIAamp DNA mini kit (Qiagen GmbH), 
and the E6 mutation rate was measured by qPCR as described 
above. Multiple tumors were not observed in the present study.

Mice were grown under specific pathogen‑free conditions. 
The experimental protocol was approved by the Jichi Medical 
University Ethics Committee (Tochigi, Japan), and strictly 
followed the National and Institutional Guidelines for animal 
experiments.

Statistical analysis. Statistical analysis was performed using 
SPSS v22 (IBM Corp., Armonk, NY, USA). Student's t‑test 
was used to compare two groups. One‑way analysis of vari-
ance with Bonferroni post‑hoc test was performed to compare 
multiple groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Development of Cas9‑expressing cervical cancer cell lines. 
In order to confirm that the Cas9 is introduced, we performed 
western blots for transfected cells using an anti‑HA antibody. 
Cas9 protein was expressed only in those cells that received the 
Cas9 gene (Fig. 1A), confirming that Cas9‑expressing cervical 
cancer cell lines HeLa/Cas9, HCS-2/Cas9, and SKG-I/Cas9 
were established.

Cell growth curve. In order to assess the effect of Cas9 on 
cell growth we compared the growth of wild type and 
Cas9‑expressing cervical cancer cell lines in vitro. As shown 
in Fig. 1B‑D, there was no significant difference in cell growth 
between wild type and Cas9‑expressing cells, indicating that 
Cas9 expression had no impact on cell growth in vitro.

Detection of E6 gene mutations. The E6 gene was sequenced 
by Sanger sequencing for HeLa/Cas9 cells 48 h after 
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AAV‑sgE6 transduction. Several base insertions and deletions 
were identified mostly around the targeted region (Fig. 2A), 
indicating that genome editing was achieved for E6 in vitro by 
CRISPR-Cas9.

T7E1 assay. Products cleaved by T7E1 were detected only 
in cells transduced with AAV‑sgE6 (Fig. 2B‑D). Thus, gene 
mutations were introduced into the E6 gene by E6‑targeting 
CRISPR-Cas9.

Measurement of mutation rates by qPCR. qPCR was performed 
using mutated plasmid vectors as templates, and demonstrated a 
significant increase in mutation rates (Fig. 2E). In addition, muta-
tion rates increased with an increasing proportion of mutated 
plasmid vector, and this rate was equivalent to the proportion of 
the mutated vectors in the plasmid mixture (Fig. 2F).

The rate of E6 mutation was measured using the same 
method. Mutation rates were estimated to be 82% for HeLa/Cas9, 
77% for HCS‑2/Cas9, and 87% for SKG‑I/Cas9 (Fig. 2G-I). 
Mutations were not found in untransduced cells or cells trans-
duced with AAV‑sgNC (Fig. 2G-I).

Western blot. E6 expression was detected in untransduced 
cells or cells transduced with AAV‑sgNC. These cells did 
not express p53. On the other hand, cells transduced with 
AAV‑sgE6 had significantly decreased expression of E6, and 
significantly increased expression of p53 (Fig. 3A). These 
results indicated that E6 was knocked out effectively by 
CRISPR‑Cas9 targeting of E6, consequently increasing the 
expression of p53 at the protein level.

Apoptosis. Cells transduced with AAV‑sgE6 had a significantly 
higher number of FITC‑Annexin V‑positive cells (46.0±5.0/HPF) 

than untransduced cells (1.0±1.4/HPF) and cells transduced 
with AAV‑sgNC (0.8±1.3/HPF) (Fig. 3B and C). Thus, 
E6-targeting CRISPR-Cas9 induced apoptosis in tumor cells 
in vitro.

In vitro cell growth. For all cell lines, the number of live cells 
decreased with an increase in AAV‑sgE6 vector dose (Fig. 3D). 
Thus, E6-targeting CRISPR-Cas9 suppressed tumor cell 
growth in a dose-dependent manner in vitro.

In vivo experiments. Tumor growth was suppressed signifi-
cantly in mice injected with AAV‑sgE6 as compared with 
those injected with AAV‑sgNC (Fig. 4A). At the experimental 
endpoint of 42 days after the injection, tumors in the AAV‑sgE6 
group were significantly smaller than those in the AAV‑sgNC 
group, at 114±60 and 817±114 mm3, respectively (n=4/group, 
P<0.05; Fig. 4B and C). Thus, E6‑targeting CRISPR‑Cas9 
suppressed tumor growth in vivo. In addition, mutations 
in the E6 gene were not identified in the remaining tumors 
(data not shown). There was no significant difference in the 
body weights of mice measured prior to sacrifice (Fig. 4D), 
there were no abnormal findings in the subcutaneous tumor 
area (Fig. 4E).

Discussion

In the present study, we sought to develop an effective and 
highly specific therapeutic approach for cervical cancer by 
targeting high-risk HPV E6 using CRISPR-Cas9 and the 
AAV vector. We previously performed screening to identify 
AAV vector serotypes that have the highest efficiency for 
gene transfer into cervical cancer cells, and demonstrated 
that the AAV serotype 2 vector was the most effective (14). 

Figure 1. Development of Cas9‑expressing cervical cancer cell lines. (A) Detection of Cas9 expression using western blotting. Cas9 was expressed only in 
the cell lines that received the Cas9 gene. Cell growth curve for Cas9‑expressing (B) HeLa, (C) HCS‑2 and (D) SKG‑I cell lines. For all cell lines, there were 
no differences in the growth curve when compared with the respective wt cell lines. Results are expressed as the mean ± standard deviation. Cas9, CRISPR 
associated protein 9; wt, wild‑type; Rb, retinoblastoma.
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Figure 2. Detection of mutations in the E6 gene. (A) Detection of mutations in the E6 gene in Cas9‑expressing HeLa cells by Sanger sequencing performed 48 h 
following AAV‑sgE6 transduction. Detection of mutations in the E6 gene in Cas9‑expressing cervical cancer cells by the T7 Endonuclease 1 assay performed 
48 h following AAV‑sgE6 transduction. Horizontal lines indicate base deletions. (B) HeLa/Cas9, (C) HCS‑2/Cas9 and (D) SKG‑I/Cas9. White arrows indicate 
non‑cleaved products; black arrows indicate cleaved products. Validation was performed using qPCR to measure the CRISPR‑Cas9‑induced E6 mutation rate. 
The E6 mutation rate was measured in Cas9‑expressing cervical cancer cells 48 h following AAV‑sgE6 transduction. (E) Mutation rates were calculated based 
on the RQ. The mutation rate was calculated as: (1‑RQ) x100 (%). (F) Wild type and mutated plasmid vectors were mixed at varying ratios (10:0, 9:1, 8:2, 5:5, 
2:8, 1:9 and 0:10) and used as templates. Mutation rates were calculated based on the RQ for different mixtures of plasmid vectors. DNA extracted from the 
Cas9‑expressing cervical cancer cells 48 h following AAV‑sgE6 transduction was used as a template for qPCR. The rate of E6 mutations in (G) HeLa/Cas9.
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Based on this data, we selected AAV type 2 as the vector in 
the present study. We first constructed the Cas9‑expressing 
AAV vector and observed that Cas9 was not transferred into 
cervical cancer cells (data not shown). The length of genomic 
sequence that can be packaged into the AAV vector is limited 
to approximately 5 kb (22). Vector production efficiency 
significantly decreases if longer sequences are utilized. The 
length of Cas9 used in this study was approximately 4.2 kb and 
exceeded 5 kb when the promoter and PolyA sequences were 
included; thus, it may not have been transferred effectively 
using the AAV vector. Therefore, as an alternative to using the 
AAV vector to introduce Cas9, we established cervical cancer 

cell lines that constitutively express Cas9 to perform our study. 
We demonstrated that the growth rate of Cas9‑expressing cells 
was not different from that of wild type cells, confirming that 
Cas9 expression does not impact the growth of cervical cancer 
cells. As Cas9 knock‑in mice that express Cas9 ubiquitously 
did not show any phenotypic changes (23), the expression of 
Cas9 might not have any influence on mammalian cells.

We then constructed the sgRNA‑expressing AAV vector 
to target E6. We used an online service to select the target 
E6 sequence, and constructed the AAV vector (AAV‑sgE6) 
that expresses the sgRNA containing the target sequence 
driven by the U6 promoter. Transduction of AAV‑sgE6 into 

Figure 3. In vitro experiments following AAV‑sgE6 transduction. (A) Expression of E6 and p53 in the three Cas9‑expressing cell lines was measured by 
western blotting performed 48 h post‑transduction with either AAV‑sgE6 or AAV‑sgNC. E6 expression was reduced, whereas p53 expression was increased 
in all three cell lines. Apoptosis following AAV‑sgE6 transduction: (B) Apoptosis was measured in Cas9‑expressing HeLa cells 48 h post‑transduction with 
either AAV‑sgE6 or AAV‑sgNC. Scale bars, 100 µm. Apoptotic cells were identified by immunofluorescent staining. (C) The number of fluorescence‑positive 
cells was counted per high‑power field. *P<0.05, as indicated. (D) In vitro cell growth following AAV‑sgE6 transduction. The WST‑1 assay was performed to 
measure the number of viable cells 72 h following AAV‑sgE6 transduction. AAV‑sgE6 suppressed tumor growth with increases in viral vector particles in all 
three Cas9‑expressing cell lines. Results are expressed as the mean ± standard deviation. AAV, adeno‑associated virus; Cas9, CRISPR associated protein 9; 
sg, single guide; NC, negative control.

Figure 2. Continued. The rate of E6 mutations in (H) HCS‑2/Cas9 and (I) SKG‑I/Cas9. Results are expressed as the mean ± standard deviation. *P<0.05, as 
indicated. PAM, protospacer‑adjacent motif; sgE6, E6 target sequence; wt, wild‑type; qPCR, quantitative polymerase chain reaction; 2 bp ins, E6 gene with 
a 2 bp insertion; 13 bp del, E6 gene with a 13 bp deletion; RQ, relative quantification; AAV, adeno‑associated virus; Cas9, CRISPR associated protein 9; sg, 
single guide; PAM, protospacer adjacent motif; NC, negative control.
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Cas9‑expressing cervical cancer cells resulted in multiple 
mutations in E6 as detected by Sanger sequencing. This 
suggested that E6‑targeting by CRISPR‑Cas9 may induce 
mutations in the E6 gene in cervical cancer cells.

The T7E1 assay is the most commonly used method for the 
detection of mutations induced by CRISPR‑Cas9. Using this 
assay, we observed a new band indicating the presence of muta-
tions in AAV‑sgE6‑infected cells. That said, the T7E1 assay is 
complex to set up as it involves multiple steps, and is not quan-
titative. Thus, qPCR was used to detect the mutation rate (20) 
by mismatch PCR. A primer pair (Mut primers) of which a part 
of the 3' end of one primer corresponds to a part of the target 

E6 sequence was constructed. In addition, another primer pair 
(CTL primers) was constructed such that it corresponded to 
another sequence distant from the target E6 sequence. When 
the Mut primers are used for qPCR, amplification efficiency 
is significantly reduced due to mismatches caused by the 
mutations in the sequence induced by CRISPR‑Cas9. On the 
other hand, amplification efficiency is not affected by the 
presence of mutations when CTL primers are used. Thus, by 
comparing the RQ value of qPCR using Mut and CTL primers, 
it is possible to quantify the mutation rate as well as detect 
mutations in the target sequence. We used the plasmid vector 
carrying the E6 sequence with mutations identified by Sanger 

Figure 4. In vivo experiments following AAV‑sgE6 transduction. (A) Growth of Cas9‑expressing SKG‑I tumors inoculated subcutaneously into mice. The AAV 
vector was injected immediately following tumor injection. (B) SKG‑I tumors 28 days following the injection of AAV vectors. Scale bar, 10 mm. (C) Weights 
of SKG‑I tumors 28 days following the injection of AAV vectors. (D) Body weights of mice 28 days following the injection of AAV‑sgE6 or AAV‑sgNC. 
(E) Gross observations of the tumor area 28 days following the injection of AAV‑sgE6 or AAV‑sgNC. Results are expressed as the mean ± standard deviation. 
*P<0.05, as indicated. AAV, adeno‑associated virus; sg, single guide; NC, negative control.
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sequencing to validate this method. Our data demonstrated 
a significant reduction in RQ in the Mut primer group when 
qPCR was performed using the mutated plasmid vector as a 
template. Furthermore, we performed qPCR using a mixture 
of plasmid vectors as a template to examine whether the assay 
is quantitative. The template was produced by mixing vectors 
that carry non‑mutated and mutated E6 sequences at different 
ratios. Our data revealed that the rate of RQ reduction in the 
Mut primer group relative to the CTL group was equivalent to 
the proportion of the mutated vectors in the plasmid mixture. 
This finding validated the qPCR method as a quantitative 
method to detect CRISPR-Cas9-induced mutations in E6 
and to quantify the rate of mutations. We used this method 
to detect mutations in E6 and determined the mutation rate 
in Cas9‑expressing cells transduced with AAV‑sgE6. E6 
mutations were identified in all cell lines, and the frequency 
of these mutations was significantly higher than that expected 
with the T7E1 assay.

Next, we examined the expression of E6 and related factors 
using western blotting, and found decreased expression of E6, 
and increased expression of p53 in all three cervical cancer 
cell lines with AAV‑sgE6. Furthermore, using Annexin V 
as a target, we observed that apoptosis was induced in these 
cells. In high‑risk HPV‑positive cervical cancer, p53 has 
no mutations (24,25), and is normally degraded by E6 (6,7) 
resulting in the inhibition of apoptosis. Our data suggest that 
the suppression of E6 expression by Cas9 and AAV‑sgE6 led 
to the alteration of this pathway, resulting in the induction of 
apoptosis.

We subsequently examined the effects of E6‑targeting 
CRISPR-Cas9 on the growth of cervical cancer cells in vitro, 
and demonstrated that AAV‑sgE6 suppressed tumor cell growth 
in a dose‑dependent manner. Based on this in vitro observation, 
we examined the effects of E6‑targeting CRISPR‑Cas9 in an 
in vivo model of cervical cancer, and found that tumor growth 
was suppressed significantly in mice injected with AAV‑sgE6 
as compared with those with AAV‑sgNC. Using the qPCR 
method described above, we found no mutations in E6 in DNA 
extracted from tumors in the AAV‑sgE6 group. This suggests 
that the remaining tumors may not have been transduced by 
the vector, or may have been formed by tumor cells that did 
not undergo genome editing following gene delivery. Thus, 
in order to enhance the efficacy of this approach, it may be 
necessary to increase the amount of vectors or its frequency 
of injection, and/or package multiple sgRNAs targeting 
several E6 sequences. A recent study revealed the presence 
of KIAA0319L, a receptor essential for AAV transduction of 
human cells (26). Use of this receptor may improve the trans-
duction efficiency of AAV vectors.

Previous in vitro and ex vivo studies reported that E6 
expression can be knocked out effectively in cervical cancer by 
genome editing techniques (27-30). In addition, in vivo experi-
ments, the effect that E6 knockout enhances sensitivity to an 
anticancer drug has been reported (31). In the present study, we 
further demonstrated its high tumor-suppressing effects in vivo 
using a combination of CRISPR‑Cas9, a relatively simple and 
effective genome editing technique, and the AAV type 2 vector, 
which has high transduction efficiency for cervical cancer cells.

With respect to side effects, weight loss was not observed 
in mice injected with AAV‑sgE6 and there were no abnormal 

findings in the tissue around the injection site. The lack of 
apparent side effects may be because 1) AAV vectors are 
not pathogenic, and 2) E6-targeting CRISPR-Cas9 did not 
affect the normal tissue as E6 is only expressed in cervical 
cancer cells. Thus, our findings indicate that E6-targeting 
CRISPR-Cas9 is a safe therapeutic approach that does not 
affect normal tissue.

In order to translate the E6-targeting CRISPR-Cas9 
approach into clinical practice, its effects may be tested 
initially in patients with precancerous lesions, such as CIN 2/3, 
or in those with early stage invasive cancers. Currently, 
surgical approaches, including cervical conization and total 
hysterectomy, are the only options to treat patients in these 
early stages of cancer development (32,33). Cervical coniza-
tion is often selected for younger patients to preserve their 
fertility (34). However, compared with healthy individuals, the 
risk of cervical cancer is still higher by 4‑times after cervical 
conization (35). Thus, there are concerns associated with the 
low curability of cervical conization. Furthermore, patients 
who undergo cervical conization often develop reproductive 
or perinatal complications, such as miscarriage and premature 
birth, due to the removal of a portion of the endocervical canal 
and consequent infections in the uterine cavity (34). Thus, there 
is a need to develop an alternative, effective approach that is 
less invasive. As these precancerous and early stage lesions 
are localized, our approach may be the most effective strategy. 
Moreover, as young individuals and those who desire to have 
children are most affected by cervical cancer, treatment must 
be safe for these individuals. Although we did not observe any 
apparent side effects, further investigation is needed to ensure 
that the CRISPR‑Cas9 approach can be safely performed for 
future clinical translation.

The effects of the CRISPR‑Cas9 approach are localized, 
and therefore unlikely to be curative for advanced cervical 
cancer patients with widespread invasion and metastasis. 
However, it may be effective in shrinking bulky tumors, and 
thus may be used as an alternative to neoadjuvant chemo-
therapy to facilitate surgery and to increase the efficacy of 
radiation therapy. Furthermore, this approach may be applied 
to some recurrent tumors that are localized.

We demonstrated the successful transfer of E6‑targeting 
sgRNA into cervical cancer cells by the AAV vector. Cas9 
derived from Streptococcus pyogenes (SpCas9) was used in 
this study because it has been used the most for genome editing 
since its first report in 2013. As the protospacer adjacent motif 
(PAM) sequences for SpCas9 (NGG) that determine the target 
sequence are relatively short, it allows for selection of many 
target sequences. However, as described above, packaging 
of SpCas9 into the AAV vector is challenging due to its low 
packaging capacity. A recent study reported that Cas9 from 
Staphylococcus aureus (SaCas9) can be packaged effectively 
into the AAV vector due to its shorter length (3.3 kb) (36). This 
suggests that it is possible to package both SaCas9 and sgRNA 
into the AAV vector, which, in theory, should enable genome 
editing and E6‑targeted therapy for cervical cancer. We are 
currently constructing an AAV vector containing SaCas9 and 
E6‑targeting sgRNA to test its effects on cervical cancer cells.

In conclusion, we report that the CRISPR-Cas9 approach 
targeting high‑risk HPV E6 may be a highly selective and 
effective therapeutic strategy for cervical cancer.
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