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Abstract. The present study aimed to investigate whether 
apolipoprotein B mRNA‑editing enzyme catalytic polypep-
tides (A3) are involved in the regulation of cervical cancer 
development and human papilloma virus (HPV)16 sustained 
infection in Uighur females. Cervical tissues of Uygur patients 
with HPV16 with cervical lesions were collected. Expression 
levels of A3C, A3F and A3G were detected using reverse 
transcription‑quantitative PCR and western blotting. A model 
of SiHa cells with high expression levels of A3C, A3F and 
A3G was constructed. Hypermutation was detected using 
the differential DNA denaturation PCR and positive samples 
were amplified and sequenced. There were significant differ-
ences in A3 expression levels in cervical lesions of different 
grades. A3C and A3F mRNA and protein expression in 
cervical cancer tissues were significantly lower, whereas the 
A3G mRNA and protein expression levels were significantly 
higher compared with the cervicitis and cervical intraepithe-
lial neoplasia (CIN) I‑III groups. Hypermutation rates were 
increased with cervical lesion development. C>T and G>A 
base substitutions were detected in all hypermutation samples 
and numbers of C>T and G>A base substitutions in single 
samples in the cervical cancer group were significantly higher 
compared with those in the CIN I‑III and cervicitis groups. 
Following transfection of A3F and A3G, HPV E2 mRNA 
and protein expression levels were significantly decreased in 
SiHa cells. Numerous C>T and G>A base substitutions were 
detected in the HPV E2 gene in A3G and A3C overexpressing 
SiHa cells. A3 family proteins inhibit viral replication during 
HPV16 infection and regulate the HPV16 integration by 

inducing C>T and G>A hypermutations in the HPV16 E2 
gene, thus affecting the cervical cancer pathogenesis and 
development. 

Introduction

Apolipoprotein B mRNA‑editing enzyme catalytic poly-
peptides 3 (A3) are a class of intracellular innate immune 
protein molecules with antiviral abilities in humans (1). The 
A3 family has seven members, including APOBEC3A, B, 
C, D/E, F, G and H (1). The A3 family members can edit the 
negative DNA strand generated during reverse transcription 
of a virus, changing cytosine (C) into uracil (U), thereby 
transforming guanine (G) into adenine (A) at corresponding 
sites on the positive DNA strand and finally leading to the 
C/G‑to‑thymine (T)/A hypermutation in the viral genome (2). 
Overall, the mutant viral genome is degraded by U DNA trans-
glucosylase and the hypermutation in the negative DNA strand 
blocks the replication of the positive strand, thereby inhibiting 
viral replication (2). 

The members of the A3 family have been demonstrated 
to induce the C/G‑to‑T/A hypermutation in the human immu-
nodeficiency virus (HIV) genome and to subsequently inhibit 
viral replication (3‑6). Luo et al (7) have demonstrated that 
APOBEC3F (A3F) induces a G>A mutation in the genome 
of porcine endogenous retrovirus (PERV) through a cytidine 
deamination mechanism, thereby inhibiting PERV replica-
tion. Additionally, Noguchi et al (8) have reported that high 
expression levels of APOBEC3G (A3) protein in HepG2 
cells significantly reduce synthesis of the hepatitis B virus 
(HBV) and induce the genomic hypermutation. Vieira et al (9) 
reported that the infection of high‑risk human papillomavirus 
(HPV) upregulates mRNA and protein expression levels of 
APOBEC3B (A3B). After infection with inactivated HPV 
E6, the HPV infection is no longer able to regulate expres-
sion levels of A3B. It has been revealed that A3 can also 
target DNA viruses requiring no reverse transcription when 
replicating, including the TT virus, adeno‑associated virus 
and herpes simplex virus 1 (10‑13). A number of studies have 
demonstrated that A3 serve an important role in mediating 
the clearance of exogenous circular DNA from cells, which 
may clear the HPV genome in persistently infected cells, 
and that the APOBEC protein may be a driver for the HPV 
genomic mutations in cervical precancerous lesions (14‑16). 
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Kondo et al (17) have reported that A3A is highly expressed 
in patients with oropharyngeal cancer, which is involved 
in the regulation of HPV16 infection and the integration in 
oropharyngeal cancer.

HPV is a non‑enveloped double‑stranded DNA virus 
of ~8  kb. The genome can be divided into the following 
three regions: The long control region (LCR); early region, 
containing 6 open reading frames (ORFs), including E1, E2, 
E4, E5, E6 and E7; and late regions, containing the L1 and 
L2 ORFs. Among these regions, E6 and E7 are key onco-
genes which serve important roles in HPV‑induced cervical 
cancer by interfering with the tumor suppressor genes p53 
and pRb, thus inhibiting normal cell proliferation (18,19). The 
complete E2 protein regulates viral mRNA transcription and 
DNA replication, negatively regulating the expression of E6 
and E7 oncogenes (18,19). However, there are few systematic 
studies concerning APOBEC3s‑associated hypermutations 
in different regions of the HPV genome or the effects of 
APOBEC3s on HPV protein expression levels, particularly the 
E2 protein.

To elucidate whether the A3 family members function 
in the regulation of HPV16 infection and the development 
of cervical cancer in Uygur females from Xinjiang, China, 
samples of cervical lesions were harvested from patients with 
high‑risk HPV16 infections and analyzed. The mRNA and 
protein expressions of the A3 family members were detected. 
Additionally, the E2 region of the HPV16 genome was ampli-
fied using the differential DNA denaturation PCR (3D‑PCR), 
followed by sequence analysis. In addition, to investigate the 
effects of high expression levels of A3 on the expression and 
editing of the E2 region of the HPV16 genome, a SiHa cervical 
cancer cell model expressing high levels of A3 was established 
in vitro.

Materials and methods

Patients. Cervical samples were obtained from 45 Uygur 
females infected with high‑risk HPV16 (age, 42.27±10.46 years), 
who were admitted to the People's Hospital of Xinjiang Uygur 
Autonomous Region (Urumqi, China), from January 2017 to 
December 2017. According to the pathological diagnosis, there 
were 15 cases of cervicitis, 15 cases of cervical intraepithelial 
neoplasia (CIN) I‑III and 15 cases of cervical cancer. The 
International Federation of Gynecology and Obstetrics (FIGO, 
2018) staging criteria were used for CIN grading and cervical 
cancer staging (20). Informed consent was provided by every 
patient and the study was approved by The Ethics Review 
Board of the People's Hospital of Xinjiang Uygur Autonomous 
Region.

Study cell line. The human cervical carcinoma SiHa cell line 
was purchased from the American Type Culture Collection 
(HTB‑35). The cells were verified by short tandem repeat (STR) 
testing. The cells were cultured with the Dulbecco's modified 
eagle medium (11885092; Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% fetal bovine serum (CCS30013.01HI; 
EnmoAsai Biotechnology Co., Ltd., Changzhou, China; 
http://www.mrcing.com/col.jsp?id=105), supplemented with 
1% penicillin‑streptomycin (10,000 U/ml) (15140122; Gibco) 
and incubated at 37˚C with 5% CO2. 

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from cervical tissue samples using a Total RNA 
extraction kit (DP431; Tiangen Biotech Co., Ltd.). The mRNAs 
of A3C (NM_014508.3), A3F (NM_001006666.2) and A3G 
(NM_001349436.1) were obtained from the GenBank database 
(uniprot.org/database/DB‑0028) and the ORFs were designed 
accordingly for the PCR primers (Table I). The extracted RNA 
was reverse transcribed into cDNA using a PrimeScript™ RT 
reagent kit (cat. no. RR037A; Takara Bio, Inc.). The reaction 
conditions were 37˚C for 15 min and 85˚C for 5 sec. RT‑qPCR 
was performed using an AGS PCR machine (AFD4800; 
Hangzhou AnYu Technologies Co., Ltd.). The reaction condi-
tions were set as follows: 95˚C for 2 min; 95˚C for 5 sec; 60˚C 
for 10 sec; and 72 for 30 sec for a total of 40 cycles. Target gene 
expression levels were determined with the 2‑ΔΔCq method (21). 
GADPH was used as an endogenous control. 

Western blot analysis. The tissue or SiHa cells were lysed 
using Biosharp lysis (BL504A). The protein concentration was 
determined using the bicinchoninic acid assay method. Protein 
samples (40 µg per lane) were loaded onto a 4% gel, resolved 
SDS‑PAGE and then subsequently transferred onto a PVDF 
membrane. After blocking with 5% BSA at room temperature 
for 1 h, the membrane was incubated with anti‑APOBEC3G 
(1:500; bs‑15407R; BIOSS), anti‑APOBEC3F (1:500; 
ab227962; Abcam), anti‑APOBEC3C (1:500; bs‑12495R; 
BIOSS) and anti‑GAPDH (1:5,000; bs‑50549R; BIOSS) 
primary antibodies at 4˚C for 16  h. Subsequently, the 
membranes were incubated with the secondary antibody of 
goat anti‑rabbit HRP conjugated IgG (1:10,000; ZB‑2301; 
OriGene Technologies, Inc.) at 37˚C for 1 h in the dark. The 
blot was developed using the ECL method (PE0010; Beijing 
Solarbio Science & Technology Co., Ltd.). Protein bands were 
imaged and analyzed using ImageJ software version 1.52s 
(National Institutes of Health).

Lentiviral vector transfection. The A3C, A3F and A3G 
lentiviral expression vectors were constructed by Shanghai 
GeneChem Co., Ltd. The lentiviral expression vectors 
of PLVX‑mCMV‑ZsGreen‑PGK‑Puro‑homo‑APOBEC3C, 
PLVX‑mCMV‑​ZsGreen‑PGK‑Puro‑Homo‑APOBEC3F and 
PLVX‑mCMV‑​ZsGreen‑PGK‑Puro‑homo‑APOBEC3G were 
transfected into the SiHa cells using Polybrene (Shanghai 
GeneChem Co., Ltd.) and Enhanced Infection Solution 
(Shanghai GeneChem Co., Ltd.), at the multiplicities of infec-
tion of 50, 10 and 20, respectively. The blank and scrambled 
small interfering RNA (siRNA) negative control groups 
were also set up. The siRNA was synthesized by Shanghai 
GeneChem Co., Ltd; however, the sequences were not avail-
able. Following addition of the lentiviral vectors, the cells were 
incubated at 37˚C in a 5% CO2 incubator for 16 h. Subsequently, 
the cells were cultured with fresh DMEM for 72 h prior to 
collection. The fluorescence intensity was observed using an 
inverted fluorescence microscope. 

3D‑PCR amplification and hypermutation analysis of the 
HPV16 E2 genome. HPV16 DNA was extracted from the 
cervical tissue samples and SiHa cells using a Genomic DNA 
Extraction kit (DP304; Tiangen Biotech Co., Ltd.). With the 
template of HPV16 DNA, the E2 region of the HPV16 genome 
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was amplified with high‑fidelity Taq enzyme (14966005; 
Thermo Fisher Scientific, Inc.) using 3D‑PCR at different 
denaturation temperatures, at 89.3, 87.43, 85.2, 83.5 and 
81.9˚C. For the first round of PCR, the following primers were 
used: Forward, 5'‑GAG​GAC​GAG​GAC​AAG​GAA​A‑3' and 
reverse, 5'‑AAG​CAC​GCC​AGT​AAT​GTT​G‑3'. The reaction 
conditions were set as: 89.3˚C for 1 min; 89.3˚C for 45 sec, 
52˚C for 30  sec, 65˚C for 50  sec, for a total of 40 cycles; 
followed by 65˚C for 10 min. The products were used as the 
templates for the second round of PCR, with the following 
primers: Forward, 5'‑ACG​ATG​GAG​ACT​CTT​TGC​C‑3' and 
reverse, 5'‑GCC​AGT​AAT​GTT​GTG​GAT​GC‑3'. The reaction 
conditions were set as follows: 87.4˚C for 1 min; 87.4˚C for 
45 sec; 52˚C for 30 sec, 65˚C for 50 sec, for a total of 40 cycles; 
followed by 65˚C for 10 min. The obtained products were then 
used as the templates for the next amplification with lowered 
denaturation temperatures, ranging between 81.9˚C and 
89.3˚C. The final products were separated by 1.5% agarose 
gel electrophoresis. The target fragments were recovered 
using a Gel Recovery kit (B518131‑0100; Sangon Biotech 
Co., Ltd.) and ligated into the pBS‑T vector for transforma-
tion. The positive clone was picked up and amplified by liquid 
LB medium (B540111‑0100; Sangon Biotech Co., Ltd.). DNA 
was extracted from these amplified plasmids, which were 
subjected to the Sanger sequencing on the ABI3100 sequencer 
(Xinjiang Dingju Medical Laboratory) (http://dj‑medlab.
com/). The PCR product containing the specified number of 
C‑to‑T mutations was cloned into the pBS‑T vector to prepare 
the reference plasmid [NC_001526.4 (1892..2989)] (Xinjiang 
Dingju Medical Laboratory), which was verified by Sanger 
sequencing. DNAMAN software version 6.0 (Lynnon Biosoft) 
was used for sequence alignment.

Statistical analysis. The experiments were performed three 
times independently. Data are presented as the mean ± SD. 
SPSS 16.0 software (SPSS, Inc.) was used for statistical anal-
ysis. One‑way ANOVA was performed for the comparison of 

mean values among groups followed by Tukey's post hoc test. 
A χ2 test was used to compare the hypermutation ratio. P<0.05 
was considered to indicate a statistically significant difference.

Results

Relative mRNA expression levels of A3C, A3F and A3G in 
cervical lesions of different grades. To investigate the mRNA 
expression levels of A3C, A3F and A3G in cervical tissue 
samples, RT‑qPCR was performed. The mRNA expression 
levels of A3C in the cervical cancer group were significantly 
lower compared with the CIN I‑III and cervicitis groups 
(P<0.01, Fig. 1A). The mRNA expression levels of A3F in the 
cervical cancer group were significantly lower compared with 
the cervicitis (P<0.05) and CIN I‑III (P<0.01) groups (Fig. 1B). 
The A3G mRNA expression in the cervical cancer group was 
significantly higher compared with the CIN I‑III (P<0.05) and 
cervicitis groups (P<0.05, Fig. 1C). These results indicated 
that, with the development and progression of cervical lesions, 
the relative mRNA expression levels of A3C and A3F were 
significantly decreased, whereas the relative A3G mRNA 
expression levels were significantly increased, suggesting that 
A3 may be involved in the development of cervical cancer.

Relative protein expression levels of A3C, A3F and A3G 
in cervical lesions of different grades. To investigate the 
protein expression levels of A3C, A3F and A3G in these 
cervical tissue samples, western blot analysis was performed. 
The protein expression levels of A3C (Fig. 2A and B) and 
A3F (Fig.  2A and  C) in the cervical cancer group were 
significantly lower compared with the cervicitis and CIN 
I‑III groups (P<0.01). The protein expression levels of A3C 
and A3F in the CIN I‑III group were significantly lower than 
the cervicitis group (P<0.01). The A3G protein expression 
levels (Fig.  2A and C) in the cervical cancer group were 
significantly higher compared with the cervicitis and CIN 
I‑III groups (P<0.01). The A3G protein expression levels in 
the CIN I‑III groups were significantly higher compared with 
the cervicitis group (P<0.01). These results indicated that, 
with the development and progression of cervical lesions, the 
relative protein expression levels of A3C and A3F were signifi-
cantly decreased, whereas the relative A3G protein expression 
levels were significantly increased, suggesting that A3 may be 
involved in the cervical cancer pathogenesis and development.

3D‑PCR detection of the HPV16 E2 gene hypermutation in 
different grades of cervical lesions. DNA was extracted from 
the cervical tissues of the patients with cervical cancer and 
3D‑PCR was performed to detect the HPV16 E2 hypermuta-
tion. At the denaturation temperature of ≥87.4˚C, the control 
DNA without mutations [0x base substitution (b.s.)] was 
amplified and at the denaturation temperature of 85.2˚C the 
control DNA carrying 3 C>T mutants (3x b.s.) was amplified 
(Fig. 3A), implying that at the denaturation temperature of 
≤85.2˚C the hypermutation sample with more than three base 
substitutions may be detected. Detection of the cervicitis, CIN 
I‑III and cervical cancer groups revealed that in the 15 samples 
from the patients with cervicitis, hypermutation was detected 
in one sample at the denaturation temperature of 85.2˚C. For 
the 15  cases of CIN I‑III, hypermutation was detected in 

Table I. PCR primer sequences. 

Gene	 Primer sequences (5'‑3')

APOBEC3C	
  Forward	 GAGTGGGACAGGGACAAGCA
  Reverse	 GGCTCAGGATGACCAGGCAG
APOBEC3F	
  Forward	 ATGAAGCCTCACTTCAGAAAC
  Reverse	 TCACTCGAGAATCTCCTGCA
APOBEC3G	
  Forward	 TCTGGCTGTGCTACGAAGT
  Reverse	 GTGGAAGAATCTCATCTCTGG
GADPH	
  Forward	 TCTCCTCTGACTTCAACAGCGAC
  Reverse	 CCCTGTTGCTGTAGCCAAATTC

APBOEC3, apolipoprotein B mRNA‑editing enzyme catalytic 
polypeptide.
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5 cases at the denaturation temperature of 85.2˚C and out of 
these 5 cases hypermutation was detected in 2 cases at the 
denaturation temperature of 83.5˚C. For the 15 samples of 
cervical cancer, hypermutation was detected in 5 cases at the 
denaturation temperature of 85.2˚C and out of these 5 cases, 

hypermutation was detected in 3 cases at the denaturation 
temperature of 83.5˚C (Table II and Fig. 3A). 

For the samples with positive results in the amplification 
at the melting temperature of 85.2˚C in the 3D‑PCR, Sanger 
sequencing of the HPV16 E2 gene was performed. The results 

Figure 2. Protein expression levels of APBOEC3 in cervical cancer of different grades. (A) Protein expression levels of A3C, A3F and A3G in cervical 
lesion of different grades detected using western blot analysis. Relative protein expression levels of (B) A3C, (C) A3F and (D) A3G. **P<0.01. APBOEC3s, 
Apolipoprotein B mRNA‑editing enzyme catalytic polypeptides; CIN I‑III, cervical intraepithelial neoplasia I, II and III.

Figure 1. Expression levels of APBOEC3s mRNA in cervical lesion samples of the cervicitis, CIN I‑III and cervical cancer groups. The relative mRNA expres-
sion levels of (A) A3C, (B) A3F and (C) A3G in the cervical lesions of different grades were detected using reverse transcription‑quantitative PCR. *P<0.05, 
**P<0.01. APBOEC3s, apolipoprotein B mRNA‑editing enzyme catalytic polypeptides; CIN I‑III, cervical intraepithelial neoplasia I, II and III.
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revealed that the C>T and G>A hypermutations were observed 
in the HPV16 E2 gene (Fig. 3B). The rate of hypermutation in 
these cervical lesion samples of different grades was further 
analyzed, revealing that there was no significant difference in 
the rate of hypermutation among these three groups at the dena-
turation temperature of 85.2˚C (χ2=3.85; P=0.146). When the 
temperature was dropped to 83.5˚C, the rate of hypermutation 
was decreased and there was still no significant difference in 
the ratio of hypermutation among these three groups (χ2=3.15; 
P=0.207; Table II). Additionally, the number of base substitu-
tions in the single hypermutation sample was analyzed. The 
number of G>A base substitutions in the hypermutation 
positive cervical cancer cases (6.00±2.14) was significantly 
higher compared with those in the CIN I‑III (2.67±1.95) and 
cervicitis groups (0.20±0.45; both P<0.05). Furthermore, the 
number of C>T base substitutions in the hypermutation posi-
tive cervical cancer cases (12.87±2.77) was significantly higher 
compared with those in the CIN I‑III (6.40±4.34) and cervicitis 
groups (5.00±3.16; both P<0.05; Fig. 3C and D). These results 
suggested that HPV16 E2 hypermutation may be increased 
with the development and progression of cervical lesions.

Expression and hypermutation of HPV E2 in SiHa cells 
following APOBEC3s lentivirus transfection. The A3C, A3F 
and A3G overexpressing SiHa cell model was established and 
the transcriptional level of HPV16 E2 and the E2 hypermu-
tation were investigated. Following transfection of A3F and 
A3G, the mRNA and protein expression levels of HPV16 E2 
in the SiHa cells were significantly decreased compared with 

those in the blank and the scrambled siRNA negative control 
groups (P<0.01; Fig. 4A), whereas no significant difference 
was observed in HPV16 E2 mRNA expression levels between 
the A3C transfection and control groups (P>0.05). The HPV16 
E2 gene in the SiHa cells was amplified by 3D‑PCR. For the 
A3C transfection groups, the hypermutations were observed at 
the denaturation temperature of 85.2˚C, while no hypermuta-
tions were noted at other denaturation temperatures. Moreover, 
for the A3G groups, the hypermutations were observed at the 
denaturation temperatures of 85.2, 83.5 and 81.9˚C. However, 
no hypermutations were observed at the denaturation tempera-
tures of 85.2, 83.5 or 81.9˚C in the A3F groups. Then, the 
hypermutation positive samples in the 3D‑PCR were subjected 
to sequencing. After the transfection of A3 proteins, a larger 
amount of G>A and C>T base substitutions were detected in 
the HPV16 E2 gene in these transfected SiHa cells (Fig. 4B). 
There were a total of 126 C>T and 2 G>A base substitutions 
in the A3G transfection group and 56 C>T and 34 G>A base 
substitutions in the A3C transfection group (Table III). These 
results suggested that the high expression levels of A3 proteins 
were associated with the downregulated expression levels 
of HPV16 E2, and that high A3 expression induced these 
hypermutation in the HPV16 E2 gene.

Discussion

High‑risk HPV persistent infection is an important factor for 
cervical cancer and precancerous lesions, which integrate 
into the host genome after infection and thus induce cervical 

Figure 3. Hypermutation of HPV16 E2 gene in cervical lesions of different grades. The HPV16 E2 gene in cervical tissues was amplified with 3D‑PCR at 
different denaturing temperatures of 89.3, 87.4, 85.2, 83.5 and 81.9˚C. (A) 0x b.s., 3x b.s. and 24x b.s. were used to construct the reference plasmids with 0, 3 
and 24 C‑to‑T base substitutions and the denaturation temperatures for the hypermutation were detected in these samples. The 3x b.s. sample exhibited bands 
at 85.2˚C. Positive samples were detected for the cervicitis, CIN I‑III and cervical cancer groups at the denaturing temperature of 85.2˚C. (B) Base substitu-
tions for the hypermutation in single samples at different melting temperatures of 87.4, 85.2 and 83.5˚C. (C) Frequency of G‑to‑A mutation. (D) Frequency of 
C‑to‑T mutation. *P<0.05, **P<0.01. HPV, human papilloma virus; b.s., base substitution; CIN I‑III, cervical intraepithelial neoplasia I, II and III; C, cytosine; 
G, guanine; A, adenine; T, thymine.
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lesions. The HPV16 is the most common genotype associated 
with cervical cancer (22). The HPV genome can be divided 
into the following three regions: The LCR, early region (E1, 
E2, E4, E5, E6 and E7) and late region (L1 and L2). The E2 
gene regulates the processes of replication and transcription of 

HPV DNA and is associated with the integration of the HPV 
genome into the host genome (9,23,24). Furthermore, the E2 
gene regulates the function and transformation of the E6 and E7 
oncogenes (9). The A3s family is a class of endogenous natural 
immune protein molecules with antiviral capabilities (25). In 

Figure 4. HPV16 E2 gene expression and hypermutation in SiHa cells transfected with APOBEC3s lentiviral vectors. (A) GFP‑labeled A3C, A3F and A3G 
lentiviruses were transfected into SiHa cells and the fluorescence intensity was observed using an inverted fluorescence microscope to determine the transfec-
tion efficiency. Magnification, x200. The mRNA and protein expression levels of HPV16 E2 in A3 lentivirus‑transfected SiHa cells were confirmed using 
reverse transcription‑quantitative PCR and western blotting. (B) The HPV16 E2 genome hypermutation following lentiviral transfection was detected using 
the differential DNA Denaturation PCR. **P<0.01 vs. blank control or scrambled siRNA control. HPV, human papilloma virus; APBOEC3s, Apolipoprotein B 
mRNA‑editing enzyme catalytic polypeptides; siRNA, small interfering RNA; NC, negative control; A3C, APOBEC3C; A3F, APOBEC3F; A3G, APOBEC3G; 
GFP, green fluorescent protein; C, cytosine; G, guanine; A, adenine; T, thymine.

Table II. Association between HPV16 E2 hypermutation and cervical lesions.

	 Second‑round PCR
	 denaturing temperature, ˚C
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	  Hypermutation ratio, %	 Hypermutation ratio, %
Group	 87.4	 85.2	 83.5	 81.9	  (85.2˚C/87.4˚C)	 (83.5˚C/87.4˚C)

Cervicitis, n	 15	 1	 0	 0	 6.67	 0.00
CIN I‑III, n	 15	 5	 2	 2	 33.33	 13.33
Cervical cancer, n 	 15	 5	 3	 3	 33.33	 20.00
χ2					     3.85	 3.15
P‑value					     0.146	 0.207

The ratio of the samples with hypermutation to the total samples at the denaturation temperatures of 85.2 and 83.5˚C were calculated. χ2 test 
was used for group comparison. HPV, human papilloma virus; CIN I‑III, cervical intraepithelial neoplasia I, II, and III.
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this study, our results showed that, during the progression of 
cervicitis to CIN I‑III and then cervical cancer, the mRNA 
and protein expression levels of A3C, A3F, and A3G were 
significantly changed, suggesting that the members of the A3s 
family may be involved in the development of cervical cancer.

A potential role of A3 in viral infection is to edit the nega-
tive DNA strand generated during viral reverse transcription, 
deaminating the C into U and thereby causing the C>T and G>A 
hypermutation in the viral genome (25‑29). Studies (30,31) 
have demonstrated that A3 induced this hypermutation in viral 
DNA during HIV‑1 replication, thereby inhibiting the HIV‑1 
reverse transcription and DNA integration. It has been shown 
that the A3G overexpression (both mRNA and protein levels) 
induces HBV hypermutation and reduces HBV viral synthesis, 
and the frequency of hypermutations is increased with elevated 
A3G expression levels (both mRNA and protein)  (8,32). 
A large number of studies have confirmed that A3 induce 
mutations in the HIV and HBV genomes, thereby inhibiting 
viral replication; however, A3‑induced mutation may also be 
a double‑edged sword (33‑36). A3 induce the innate immune 
response against the virus through targeted mutations, and 
meanwhile the A3 mutagenesis would induce the somatic cell 
mutation (31‑38). 

In the present study, 3D‑PCR amplification and sequence 
analysis was performed on the HPV16 genome from cervical 
lesions of different grades. The results showed that there were 
C>T and G>A hypermutations in the HPV16 E2 gene in Uygur 
patients with cervicitis, CIN I‑III and cervical cancer, which 
were typical types of mutations caused by the APOBEC3 
family (25‑29). However, in HPV16 E2 genomes isolated from 
clinical samples, there were small numbers of base substitution 
hypermutation, and there were no significant differences in the 
HPV16 E2 hypermutation statistical data between the clinical 
samples of the cervicitis, CIN I‑III and cervical cancer groups. 
This may be because the integrated HPV does not expose enough 
single‑stranded DNA regions required for the deaminase activity 
of A3 (30). Therefore, the poor ability of A3 to integrate into HPV 
E2 gene may also lead to reduced frequency of the A3‑induced 
HPV16 hypermutation. Furthermore, in lesions expressing high 
levels of A3 during the transcription and replication, HPV16 may 
evolve into a mutant form possessing fewer A3 target sites (39,40), 
and HPV16 may inhibit the antiviral activity of A3 (39,40). 

Analysis of persistent HPV infection in a cervical keratino-
cyte model has demonstrated that A3 can induce hypermutations 
in the HPV16 genome (37,40). Additionally, A3 are involved in 
the editing of HPV E2 hypermutation (16,40,41). In the present 

study, SiHa cell models overexpressing A3 were established 
and these cells were subjected to HPV16 3D‑PCR amplifica-
tion and sequence analysis. The results demonstrated that A3G 
overexpression induced the downregulated expression of the 
HPV16 E2 gene, and C>T hypermutations were observed in 
the E2 gene. Compared with previous studies showing that A3 
induces HIV hypermutation and inhibits viral replication (5,6), 
the present study revealed that the frequency of the HPV E2 
hypermutation in SiHa cells was lower, following overexpres-
sion of A3G. The high expression levels of A3 may lead to E2 
hypermutations, but low frequencies of these hypermutations 
may not affect HPV16 replication. Studies have shown that A3 
edits the HIV hypermutation and thus inhibits the virus repli-
cation (4,5). Compared with the frequency of A3‑induced HIV 
hypermutation, the frequency of HPV E2 region hypermuta-
tion in the SIHA cells high‑expressed with A3G is relatively 
lower. Based on these findings, we speculate that the high A3s 
high expression leads to the E2 hypermutation, rather than 
affects the HPV16 replication. However, high A3G expression 
levels reduced the expression the E2 gene in SiHa cells. E2 is a 
key gene for the integration of HPV into the host cells, which 
may enhance the expression levels of E6 and E7 oncogenes (9). 
Therefore, A3G may regulate the integration of HPV into the 
host genome and function in the development of cervical 
cancer. This may improve the understanding of the molecular 
mechanisms underlying the development of cervical cancer.

There are several limitations of the present study. On 
one hand, the sample size was relatively small and it was 
difficult to verify the clinical significance of HPV16 hyper-
mutation in the pathogenesis of cervical cancer. On the other 
hand, 3D‑PCR technology could only detect the A/T‑rich 
DNA sequence compared with the reference sequence in 
the detection of HPV16 hypermutation. Therefore, HPV16 
genome‑wide sequencing would be required to determine 
additional HPV16 mutations in clinical samples. In the future, 
in‑depth studies using high‑throughput sequencing tech-
nology, with an increased sequencing depth and larger sample 
size are required to comprehensively evaluate the biological 
significance of HPV16 hypermutations and the association of 
HPV infection with the development of cervical cancer.
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