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Abstract

Human papillomavirus (HPV) integration and high expression of HPV oncogenes (E6 and

E7) are important mechanisms for HPV carcinogenesis in cervical cancer. However, the

relationship between HPV integration and HPV E6 spliced transcripts, as well as the

underlying mechanisms of HPV integration in carcinogenesis after HPV E6 splicing

remains unclear. We analyzed HPV‐coiled‐coil domain containing 106 (CCDC106)

integration samples to characterize the roles of HPV integration, E6 spliceosome I (E6*I),

and high CCDC106 expression in cervical carcinogenesis. We found that E6 was

alternatively spliced into the E6*I transcript in HPV‐CCDC016 integration samples with

low p53 expression, in contrast to the role of E6*I in preventing p53 degradation in

cervical cancer cells. In addition, CCDC106 was highly expressed after HPV‐CCDC106

integration, and interacted with p53, resulting in p53 degradation and cervical cancer

cell progression in vitro and in vivo. Importantly, when E6*I was highly expressed in

cervical cancer cells, overexpression of CCDC106 independently degraded p53 and

promoted cervical cancer cell progression. In this study, we explored the underlying

mechanisms of HPV‐CCDC106 integration in HPV carcinogenesis after HPV E6 splicing,

which should provide insight into host genome dysregulation in cervical carcinogenesis.
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1 | INTRODUCTION

The incidence of cervical cancer ranks fourth among female

malignancies.1 In 2020, there were 604 000 new cases and 342 000

deaths worldwide.2 Persistent high‐risk human papillomavirus (HPV)

infection is necessary for the development of cervical cancer.3 The E6

and E7 oncoproteins expressed by high‐risk HPV are the important

causes of cervical cancer,4 and integration of HPV into the host

genome is a critical event in its carcinogenesis.5,6 However, the

relationships and roles of HPV integration and oncogene (E6 and E7)

spliced transcripts in carcinogenesis remain unclear.

HPV integration is an important event in HPV carcinogenesis and

cervical cancer development,7,8 and can lead to genome instability,

structural rearrangement, and copy number variation.9–11 HPV

integration also results in changes in host gene expression, for

example, loss of tumor suppressor gene function and increase in

oncogene expression, which are carcinogenic mechanisms.7,12 In this

study, we explored the mechanism underlying low p53 expression

level after the HPV was integrated into coiled‐coil domain containing

106 (CCDC106) (HPV‐CCDC106 integration) in cervical cancer from

the perspective of HPV integration.

The E6 oncoprotein promotes the malignant transformation of

cervical epithelial cells via multiple oncogenic pathways. The E6

oncoprotein forms a complex with E3 ubiquitin ligase E6‐associated

protein (E6AP) and p53 to degrade p53.13,14 However, the E6

oncogene can be transcribed into multiple transcripts through

alternative splicing.15,16 The E6 spliceosome (E6*), such as the relatively

well‐studied E6 spliceosome I (E6*I),17 are translated into truncated E6

proteins.18,19 Although studies have found that truncated E6 protein

and complete E6 protein have homologous amino acid sequences20 and

high E6* expression, especially E6*I, is universal in cervical cancer,17 the

role of E6*I in p53 degradation and whether HPV causes p53

degradation through other mechanisms is unclear.

We previously identified an HPV integration hot spot gene

(CCDC106) and found increased expression of CCDC106 after HPV

integrated into CCDC106.21 In cervical cancer, the HPV‐CCDC106

integration changes the three‐dimensional (3D) structure of the genome,

hijacks the enhancer of PEG3, resulting in the upregulation of CCDC106

oncogene.21,22 However, the role of high expression of CCDC106 in HPV‐

CCDC106 integration cervical cancer remains unclear.

In this study, we analyzed HPV‐CCDC106 integration samples to

characterize the roles of such integration in cervical cancer. In HPV‐

CCDC106 cervical carcinoma with high CCDC106 expression, the

HPV E6 gene was transcribed into E6*I, and p53 expression was low.

Thus, we further explored the role of HPV‐CCDC106 in HPV

carcinogenesis after HPV E6 mRNA splicing.

2 | METHODS

2.1 | Cell culture and transfection

Human cervical cancer cell lines SiHa (ATCC, HTB‐35), HeLa (ATCC,

CCL‐2), Caski (ATCC, CRL‐1550), and HaCaT (CCTCC, GDC0106) were

cultured in Dulbecco's modified eagle medium (DMEM) supplemented

with 10% fetal bovine serum (FBS), 100U/ml penicillin and 100g/ml

streptomycin. The E6*I with Flag‐tag plasmid transfected the cells with

X‐tremeGENE HP (Roche; 739406). The lentivirus vector Lv‐CCDC106

with DDDDK‐tag (GeneChem) was designed to overexpress the level of

CCDC106 stably in SiHa and HeLa cells, and Lv‐control was the control

lentivirus. The shCCDC106 (RIBOBIO) transfected the cells with

Lipofectamin3000 Reagent (Thermo Fisher Scientific; L3000015) to

disturb the expression of CCDC106 and the negative control is shNC.

The shCCDC106 sequences were as follows:

forward 5′‐GUCGGAGGCGGACAAUGAATT‐3′,

reverse 5′‐UUCAUUGUCCGCCUCCGACTG‐3′.

2.2 | Western blot assay

Collect the cells and lyse the cells by RIPA (Servicebio; G2002)

supplemented with a protease inhibitor cocktail (Servicebio; G2006).

Thirty micrograms of total protein samples were separated by 10%

sodium dodecyl sulfate‐polyacrylamide gel electrophoresis and

proteins were transferred onto the polyvinylidene fluoride (PVDF)

membrane. The primary antibodies glyceraldehyde‐3‐phosphate

dehydrogenase (GAPDH) (1:10000, AC002), p21 (1:1000, A2691),

CyclinB1 (1:1000, A2056), Gadd45a (1:1000, A11768) were obtained

from ABclonal, p53 (1:1000; Proteintech; 13244‐1‐AP), E6

(1:1000; Santa Cruz Biotechnology; sc‐460), Flag‐Tag Antibody

(1:1000; AE005; ABclonal), and CCDC106 (1:1000; ab105354) were

used. The membrane was blocked with 5% BSA and incubated with

primary antibodies for 12 h at 4°C. A corresponding second antibody

(1:5000; antGENE; ANT020; ANT19) was used to incubate the

membrane for 1 h and then exposed to the PVDF membrane by

enhanced chemiluminescence solution.

2.3 | Immunofluorescence

Cells were seeded on the slide, fixed with paraformaldehyde and

permeabilized with 0.5% Triton X‐100. Cells were incubated over-

night at 4°C with primary antibodies:p53 (1:50; Proteintech; 13244‐1‐

AP), E‐cadherin (1:100; GeneTex; GTX100443), and Flag‐Tag Anti-

body (1:50; AE005; ABclonal) incubation with corresponding second-

ary fluorescent antibody (1:200; Cy3 Anti‐Mouse IgG; AS008;

and FITC Anti‐Rabbit IgG AS011; ABclonal). 4′,6‐Diamidino‐2′‐

phenylindole stained nucleus. Observed cells and took pictures under

a fluorescence microscope.

2.4 | Immunoprecipitation assay

SiHa cells were transfected with Lv‐CCDC106 with the DDDDK‐tag.

The cell lysates were prepared by IP Kit (Thermo Fisher Scien-

tific; 26147) and incubated lysates with DDDDK‐tag magnetic beads

(Bimake; B26101) at 4°C overnight. Protein was eluted from the

beads and analyzed by Western blot analysis.

2 of 11 | ZHI ET AL.



2.5 | Real‐time PCR

Extract total RNA from cells by RNAiso Plus (Takara; 9109), and

reverse transcript total RNA into complementary DNAs by Reverse

transcription kit HI Script III qRT Super Mix (Vazyme; R323‐01). And

every real‐time PCR reaction system contains 10 µl SYBR Green

Real‐time PCR Mix (Vazyme; Q141‐02) and the program is as follows:

95°C for 3min and 40 cycles of 95°C for 10 s, 60°C for 30 s, and

95°C for 15 s. GAPDH and EEF1A1 were internal references. The

primers were in Supporting Information: Table 1.

2.6 | Immunohistochemistry

Four micrometers of tissue slices were sliced from paraffin‐embedded

specimens. All the paraffin‐embedded specimens came from the

pathology department of Gynecology of Tongji Hospital and pathologic

diagnosis was confirmed by at least two experienced pathological

diagnosis physicians. The primary antibodies were used: p53

(1:300; MBL; K0181‐03); CCDC106 (1:200; Gene Tex; GTX27918),

Ki67 (1:500; Servicebio; GB111499). The corresponding HRP‐conjugated

secondary antibodies (ZSGB‐BIO; SP‐9001; SP‐9002) were incubated for

30min at room temperature. Colorimetric detection was detected by a

DAB staining kit (1:100; Servicebio; G1212‐200T). The scoring method

was as follows: percentage of cells stained was scored as 0 (<5%), 1 (5%

−25%), 2 (26%−50%), and 3 (51%−75%), and 4 (76%−100%); staining

intensity was scored as 0 (colorless), 1 (light yellow), 2 (brownish yellow),

and 3 (brown). Both scores per slide were multiplied as a final score :0

representing negative expression (–), while scores 1−4, 5−8, and 9−12

represented weak positivity (+), positive (++), and strong positivity (+++).

2.7 | Transwell assay

8 × 104 SiHa cells or 4 × 04 HeLa cells resuspended with 100 µl

serum‐free DMEM were seeded in the upper chamber and DMEM

with 20% FBS was added into the basolateral chamber for 12 h. The

apical chamber was fixed with paraformaldehyde and dyed with

crystal violet. The cell number was counted under a microscope and

choose 3−5 fields for counting in each group.

2.8 | Scratch assay and colony formation assay

Cells were seeded in the well plate and scratched with a 200 μl

pipette tip, and then cultured the cells in DMEM supplemented with

2% FBS for 24−48h. Measure the distance of the scratch wound by

ImageJ software. One thousand were seeded into well plates and

cultured for 2 weeks. Cells were fixed with formaldehyde and stained

with crystal violet, then scanned under a scanner, and the cell

colonies were measured randomly under an inverted microscope.

2.9 | CCK8 assay

Four thousand cells were seeded into 96‐well plates. Cell Counting

Kit‐8 (Dojindo; CK04) was used to measure cell viability according to

the manufacturer's instructions. Measured the cell viability once a

day for 4 consecutive days under 450 nm using an automated

microplate reader (SpectraMax190; Molecular Devices) and draw a

cell activity curve.

2.10 | Flow cytometry for cell cycle analysis

Cells transfected with shRNA or lentiviral vector were fixed in 70%

anhydrous ethanol for 4−6 h and then stained with propidium iodide

and RNase A for 30min at room temperature. Data were collected

using BD systems and analyzed by FlowJo VX10.

2.11 | GST pull‐down assay

We constructed CCDC106 prokaryotic expression vector with a GST

label and the TP53 expression vector with HIS label by WZ

Biosciences. IPTG (Solarbio; #I8070‐1g) induced the expression of

GST‐CCDC106 or HIS‐TP53. Total bacterial protein was extracted

and GST‐CCDC106 and HIS‐TP53 proteins were purified with a

purification kit (Abbkine; KTP2001; KTP2010). GST pull‐down assay

was performed according to kit steps (DianAn Biotechnology; K0077).

Proteins were isolated by Western blot.

2.12 | 5‐Ethynyl‐2’‐ deoxy uridine assay

Cell‐Light 5‐Ethynyl‐2’‐ deoxy uridine (EdU) Apollo567 In Vitro Kit

(100 T) (RIBOBIO; C10310‐1) was used for the EdU assay. EdU

replaces thymine (T) during DNA replication. DNA replication activity

can be detected based on the specific reaction of Apollo® fluorescent

Dye and EdU. Hoechst tags living cells. After the kit procedure was

followed, photos were taken under the fluorescence microscope.

After the kit procedure was followed, photos were taken under the

fluorescence microscope (BX53; Olympus).

2.13 | Mouse subcutaneous xenograft tumor
model

BALB/c nude mice (female, 6−8 weeks old) were housed in the

Laboratory Animal Management Center of Tongji Hospital. Cells

transfected in Lv‐control, Lv‐CCDC106, or E6*I were prepared as

1 × 107/100 µl, and 1 × 107 transfected cells were injected sub-

cutaneously into the armpit of nude mice. Every group has five nude

mice for repeat and parallel.
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2.14 | Bioinformatic analysis

Hi‐C data of samples, including cervical cancer (Carcinoma*) and Ncepi,

were downloaded from the Genome Sequence Archived data set

(GSA; CRA001401; http://bigd.big.ac.cn/gsa/). A/B Compartment analy-

sis was performed as the previous study.21 A/B Compartment of

chromosome 19 (GRCh37/hg19) was analyzed to show the expression

status of HPV integration regions. Single‐cell sequencing data of the

normal cervix was downloaded from Human Cell Landscape (HCL)

(https://db.cngb.org/HCL/).45 The CCDC106 expression feature plot of

the normal cervix was performed according to the CCDC106 expression

intensity of each cell, cells were clustered into 12 clusters.

2.15 | Statistical analysis

The data are presented as the mean ± SD acquired from at least three

independent experiments. Prism 6.0 GraphPad Software was used to

perform statistical analyses. Comparisons between two groups were

done by Student's t‐test. Correlation analyses were done using

the Spearman rank test. *p < 0.05, **p < 0.01, and ***p < 0.001 were

considered statistically significant.

3 | RESULTS

3.1 | HPV16 E6 was spliced into E6*I and
CCDC106 was highly expressed with the low p53
expression in HPV‐CCDC106 integration cervical
carcinomas

We previously identified the 3D structure of the HPV16‐CCDC106

integration sample (Carcinoma*) via high‐throughput chromosome

conformation capture (Hi‐C).21 In the current study, we reanalyzed the

Carcinoma* samples, with normal cervical epithelial cells (Ncepi) used as

the control (Figure 1A). Based on Hi‐C analysis, the A/B compartments of

the HPV‐CCDC106 integration site changed from the A to B compart-

ment, indicating that HPV integration changed the chromosome status

(Figure 1B). Ten HPV‐CCDC106 integration samples21 were collected to

demonstrate the higher CCDC106 expression in HPV‐CCDC106 samples

compared with normal cervix samples by real‐time PCR (Figure 1C).

Through analysis of the RNA‐sequencing (RNA‐seq) data of the HPV‐

CCDC106 integration Carcinoma* and Ncepi sample, the HPV16 E6

oncogene was found to be expressed in the E6* form, lacking

226−409bp of the full‐length E6 transcript (Figure 1D). This spliceosome

transcript was therefore identified as the sequence of E6*I,23 and was

ubiquitously expressed in the HPV‐CCDC106 integration samples

(Figure 1E and Supporting Information: Figure S1A). Although E6 is

believed to be the reason for p53 degradation in cervical cancer,13 the

role of E6*I in p53 degradation remains controversial. Here, we analyzed

the p53 level of 10 HPV‐CCDC106 integration samples and 10 samples

without HPV‐CCDC106 integration, and 12 normal cervix samples.

Immunohistochemistry (IHC) analysis showed that the expression of p53

was low in the HPV‐CCDC106 integration samples compared with the

normal cervix and samples without HPV‐CCDC106 integration (Figure 1F

and Supporting Information: Figure S1B), and western blot analysis

showed that p53 protein expression was low in the Carcinoma*

(Figure 1G). To investigate other potential pathways for p53 degradation,

we analyzed the expression levels of genes related to p53 degradation in

the Carcinoma* HPV‐CCDC106 sample via RNA‐seq. Compared with the

Ncepi sample, the expression levels of p53 degradation‐related genes

were lower and CCDC106 mRNA levels were higher in the Carcinoma*

sample (Figure 1H). In addition, single‐cell sequencing data analysis

showed that CCDC106 expression levels in the normal cervix sample

were universally low (Figure 1I). RNA‐seq analysis from Gene Expression

Profiling Interactive Analysis and Gene Expression Omnibus database

data sets showed that the expression levels of CCDC106 were moderate

in cervical cancer compared with the other cancer types (Supporting

Information: Figure S2A−B). Lv‐CCDC106 vector could significantly up‐

regulate CCDC106 expression in SiHa and HeLa cells (Supporting

Information: Figure S2C).

3.2 | Overexpression of E6*I suppressed tumor
progression by inhibiting p53 degradation in cervical
cancer cells

We investigated the biological roles of E6*I in SiHa cervical cancer

cells, which do not express E6*I (Supporting Information: Figure S3A).

After transfection of E6*I plasmids into the SiHa cells, both cell

proliferation and migration were inhibited (Figure 2A−C). At the same

time, the expression levels of p53 and E‐cadherin in SiHa‐E6*I cells

increased (Figure 2D,E). These results indicated that E6*I may inhibit

cell proliferation and migration by upregulating p53 and E‐cadherin

levels. After inhibiting the synthesis of total cell protein with

cycloheximide (CHX), the p53 degradation rate in the SiHa‐E6*I cells

was significantly lower than that in the control group (Figure 2F).

After subcutaneous implantation of SiHa control and SiHa‐E6*I cells

into nude mice, compared with the SiHa control, the SiHa‐E6*I

tumors showed smaller volume and weight (Figure 2G,H) and a lower

Ki67‐positive rate by IHC (Figure 2I and Supporting Information:

Figure S3B). These results indicated the negative effects of E6*I on

tumor growth. Thus, unlike the E6 oncoprotein, E6*I appeared to

prevent rather than promote p53 degradation. After transfection of

E6*I into HaCaT cells, we found that E6*I could not degrade p53

(Supporting Information: Figure S3C), and there was no difference

between the over‐E6*I expressed group and the control group in the

cell proliferation of Cell Counting Kit‐8 (CCK8) and EdU assays

(Supporting Information: Figure S3D and S3E).

3.3 | Overexpression of CCDC106 promoted p53
degradation by p53 interaction

As E6*I did not promote p53 degradation, we further explored the

potential mechanism underlying p53 degradation in the HPV‐CCDC106
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integration samples, focusing on high CCDC106 expression. Here,

shCCDC106 was used to disturb the expression of CCDC106 and the

lentiviral vector Lv‐CCDC106 was used to increase the exogenous

expression of CCDC106 in the SiHa and HeLa cell lines (Figure 3A and

Supporting Information: Figure S4A). The RNA levels of E6 and E6*I

were not affected by changes in CCDC106 expression in the SiHa and

HeLa cells (Figure 3B). Western blot analysis showed that high

expression of CCDC106 reduced the level of p53 in SiHa and HeLa

(A)

(C)

(E)

(G)
(H) (I)

(F)

(D)

(B)

F IGURE 1 E6*I and CCDC106 were highly expressed with low p53 expression in HPV‐CCDC106 integration samples. (A) Heatmaps of the
whole genome of normal cervical epithelia and Carcinoma.* Arrow indicated the HPV integration locus. (B) A/B compartment of CCDC106
changed from A compartment to B compartment in a blue box. (C) Relative mRNA expression of CCDC106 in normal cervix samples and HPV‐
CCDC106 samples by real‐time‐PCR (n = 10). (D) RNA sequence of E6 is missing 226‐409 bp in the Carcinoma* and the Ncepi sample has no E6
RNA sequence. Sequence diagram of E6*I spliced from E6. (E) Agarose gel electrophoresis of the E6*I cDNA obtained in HPV‐CCDC106
integration samples and the SiHa and Ha Cat cell line. And the 226−409 bp junction site of E6*I was circled by a red frame. (F) IHC staining of
p53 in the HPV‐CCDC106 integration samples, and the representative picture of p53 staining in normal cervix and sample without HPV‐
CCDC106 integration. (G) The p53 and E6 levels of the Carcinoma* sample compared with cervical cancer and no carcinoma tissues by Western
blot. GAPDH was an internal reference. (H) The relative RNA level of genes related to p53 degradation in Carcinoma* and Ncepi by RNA‐seq. (I)
The expression level of CCDC106 in normal cervix sample by single‐cell sequencing. Ca, cervical carcinoma tissue; cDNA, complementary DNA;
E6*I, E6 spliced transcripts; GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase; HPV, human papillomavirus; IHC, immunohistochemistry;
Na, negative significance; Ncepi, normal cervical epithelial cells; NT, no carcinoma tissues; RNA‐seq, RNA‐sequencing.
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cells, whereas the p53 expression increased after disturbing the

expression of CCDC106. Moreover, the expression of downstream

proteins, such as p21, cyclinB1, and Gadd45a, also changed with p53

expression, especially the cell cycle‐regulated protein p21 (Figure 3C,D).

High expression of CCDC106 in HaCaT cells also reduced the level of

p53 (Supporting Information: Figure S4B). We collected 50 cervical

cancer specimens from a clinical center for immunohistochemical

analysis. The clinical information of the patient samples was in the

Supporting Information: Table 2. Results showed a negative correlation

between the expression of CCDC106 and p53 after immunoreactive

score analysis (Figure 3E). We also performed an immunoprecipitation

assay (Figure 3F) and GST pull‐down assay (Supporting Information:

Figure S4C), which showed that CCDC106 interacted with the p53

protein. Thus, these results indicated that CCDC106 degraded p53

expression via interaction with p53 and high CCDC106 expression

promoted p53 degradation in HPV‐CCDC106 samples.

3.4 | Overexpression of CCDC106 promoted
proliferation and migration of cervical cancer cells

To further investigate its biological functions, we explored the role

of CCDC106 in the migration of cervical cancer cells using scratch

and transwell assays. We observed that the speed of wound healing

(A) (B) (C) (D)

(E)

(H) (I)

(F)

(G)

F IGURE 2 E6*I suppressed the tumor progression by inhibiting p53 degradation. (A−C) Cell proliferation by CCK8 assay (A), colony
formation assay (B), and the cells spreading by transwell assay (C) after transfected E6*I plasmid in SiHa cells (n= 3). (D, E) p53, p21, Flag, and
E‐cadherin expression in the SiHa control and SiHa‐E6*I cells by Immunofluorescence and Western blot. The E6*I‐flag protein represents the
expression of the E6*I plasmid with a Flag tag. (F) Expression of p53 and p21 by Western blot after treatment with 50 nmol/ml CHX for 15, 30,
60min in SiHa transfected in E6*I plasmid and control. (G) Subcutaneous tumor burdens of SiHa‐E6*I cell and control (n= 5 per group). (H)
Comparison of tumor weight between SiHa‐E6*I tumors and control (n= 5). (I) The representative images and comparisons of Ki67
immunohistochemical staining of subcutaneous tumor (n= 5). GAPDH was the internal reference. CCK8, Cell Counting Kit‐8; CHX,
cycloheximide; E6*I, E6 spliced transcripts; GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase.
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and the number of escaped cells were higher in CCDC106‐

overexpressed cells, indicating that high CCDC106 expression

promoted cervical cancer cell migration (Figure 4A,B, Supporting

Information: Figure S5A and S5B). Based on cell viability (CCK8 test)

and cell colony number after 2 weeks (colony formation assay),

the proliferation of SiHa and HeLa cells was inhibited after

shCCDC106 interference on CCDC106 expression, and prolifera-

tion of Lv‐CCDC106 cells with high CCDC106 expression increased

compared with the control (Figure 4C,D and Supporting Informa-

tion: Figure S5C). In addition, high expression of CCDC106 in HaCaT

cells promoted cell proliferation by CCK8 and EdU test (Supporting

Information: Figure S5D and S5E). Cell flow cytometry showed that

the percentage of S‐stage cells increased in the high CCDC106‐

expressing cells (Figure 4E). After subcutaneous implantation of

SiHa control and SiHa‐Lv‐CCDC106 cells into nude mice, the

volume and weight of the SiHa‐Lv‐CCDC106 tumors were higher

than that of the control (Figure 4F), and the Lv‐CCDC106

expressing tumors had a higher Ki67‐positive rate (Figure 4G

and Supporting Information: Figure S5F). These results demonstrate

that high CCDC106 expression may promote the proliferation and

migration of cervical cancer cells via degradation of p53 in vitro and

in vivo.

3.5 | Overexpression of CCDC106 promoted
cervical cancer progression and p53 degradation
during E6*I overexpression

Here, high CCDC106 and E6*I expression played opposite roles in p53

degradation in the cervical cancer cells, and both occurred in the HPV‐

CCDC106 integration samples. Thus, we next investigated the

biological function of high CCDC106 expression with HPV16 E6*I

overexpression. We cotransfected Lv‐CCDC106 into SiHa‐E6*I cells to

overexpress both CCDC106 and E6*I in SiHa cells. SiHa‐E6*I inhibited

cell wound healing and migration compared with SiHa control, but

SiHa‐E6*I‐Lv‐CCDC106 cells overexpressing CCDC106 promoted

wound healing and migration by scratch assays and transwell

(Figure 5A,B). Furthermore, based on the CCK8 and colony formation

assays, SiHa‐E6*I cells overexpressing CCDC106 proliferated faster

than SiHa‐E6*I cells (Figure 5C,D and Supporting Information:

Figure S6A). The growth of subcutaneous tumors in mice over-

expressing CCDC106 and E6*I was faster than that in the group

overexpressing E6*I alone (Figure 5E and Supporting Information:

Figure S6B), and had a higher Ki67‐positive rate (Figure 5F and

Supporting Information: Figure S6C). Western blot analysis also

showed that p53 increased in the SiHa cells expressing E6*I alone,

(A)

(E) (F)

(B) (C) (D)

F IGURE 3 Overexpression of CCDC106 promoted p53 degradation by interacting with p53. (A) The protein expression level of CCDC106
after interference or overexpression of CCDC106 by shCCDC106 and Lv‐CCDC106 in SiHa and HeLa cells. (B) The three fragments of E6
mRNA level after transfected shRNA and Lv‐CCDC106 in SiHa cells. White bar: 063−226 bp fragment, gray bar: 226−409 bp fragment, black
bar: 409−559bp fragment (n= 3). (C, D) E6, p53, p21, cyclinB1, and Gadd45a proteins were analyzed by Western blot after interference or
overexpression of CCDC106. (E) Representative images of CCDC106 and p53 in cervical cancer samples by immunohistochemistry. Spearman
rank test analyzed the correlation between the expression level of CCDC106 and p53 (n = 50). r and p Values were analyzed by the Spearman
rank test. (F) Lv‐CCDC106 with DDDDK tag was transfected into SiHa. Immunoprecipitation was performed by DDDDK magnetic beads.
DDDDK, p53, and CCDC106 were analyzed by Western blot. GAPDH was the internal reference. GAPDH, glyceraldehyde‐3‐phosphate
dehydrogenase; Na, negative.
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but high expression of CCDC106 reduced the level of p53 in SiHa‐E6*I

cells (Figure 5G). CCDC106 promoted p53 degradation by binding to

p53 and facilitating its ubiquitination.24 Proteosome inhibitor MG132

was used for inhibiting the ubiquitin‐proteasome degradation pathway

for 12 h, the p53 levels were not changed by overexpression of

CCDC106 in SiHa‐E6*I cells (Figure 5H). The p53 degradation in SiHa‐

E6*I cells overexpressing CCDC106 was faster than that in SiHa‐E6*I

cells after treatment with CHX (Figure 5I). Under E6*I overexpression,

high CCDC106 expression promoted the proliferation and migration of

cervical cancer and degraded p53 independently.

4 | DISCUSSION

In this study, we found that E6*I not only failed to degrade the tumor

suppressor protein p53 but prevented its degradation in SiHa.

However, high CCDC106 expression caused by HPV‐CCDC106

integration could degrade p53 by directly binding to p53 and

promote the malignant progression of tumors in vivo and in vitro,

opposite to the role of E6*I on p53.

HPV integration may change critical cellular genes, leading to loss

of tumor suppressor gene function, enhanced expression of

oncogenes, loss of DNA repair gene function, and other cell function

changes.25 The expression of HPV integration site genes is

significantly higher than the expression level of the same genes in

unintegrated sites. For example, HPV integration near the MYC gene

leads to excessive MYC rearrangement and overexpression.10 HPV

integration results in a significant upregulation in the transcription

activity of the proximal genome elements, including the transcription

of genomic elements not normally expressed.26 In addition, the

transcriptional activity of flanking cellular sequences increases near

HPV integration sites27 and HPV integration is highly related to

transcriptional activity in the host genome integration region.28

Studies have found that HPV integration produces a super‐enhancer‐

like element consisting of a tandem copy of the upstream regulatory

region of the virus and a cellular enhancer to drive high expression of

viral oncogenes and nearby human genes.27

CCDC106 is a hot site for HPV integration, and the expression

level and 3D structure of CCDC106 changes following HPV

integration, as reported in our earlier study.21 In this research, the

(A) (C)

(F)

(G)

(B)

(D)

(E)

F IGURE 4 Overexpression of CCDC106 promoted proliferation and migration of cervical cancer cells. (A) Migration speed was analyzed by
scratch assay after transfected with shCCDC106 and Lv‐CCDC106 for 48 h. (B) The spreading ability of SiHa and HeLa after being transfected
with shCCDC106 and Lv‐CCDC106 by transwell assay. (C) Colony formation of SiHa and HeLa after transfected with shCCDC106 and Lv‐
CCDC106. (D) Proliferation rate of SiHa and HeLa after transfected with shCCDC106 and Lv‐CCDC106 by CCK8 test. (E) Cell cycle distribution
percentage between NC, shRNA, Lv‐CON, and Lv‐CCDC106 groups (n= 3). (F) Subcutaneous tumor burdens and comparison of tumor weight
after overexpression of Lv‐CCDC106 in SiHa (n= 5 per group). (G) The representative images and comparison of Ki67 immunohistochemical
staining of subcutaneous tumor. The black bar is SiHa‐Lv‐control, and the gray bar is SiHa‐Lv‐CCDC106 (n= 5). CCK8, Cell Counting Kit‐8.
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integration of HPV into CCDC106 promoted the expression of

CCDC106, in turn, degraded p53 and promoted malignant tumor

progression. Therefore, degradation of p53 is not only caused by the

E6 but also by HPV‐CCDC106 integration.

In the previous research, E6*I is spliced from the high‐risk HPV

E6 polycistronic mRNA transcript,17 and its expression is related to

the splicing factors hnRNPA1, hnRNPA2, BRM, and SAM68,29

whereas E6*I is not detected in low‐risk HPV.30 E6*I is the most

abundant E6 spliceosome in cervical cancer by RNA‐seq.31 E6*I and

complete E6 proteins have homologous amino acid sequences and

previous studies explore the expression and function of E6*I by

constructing an exogenous vector of E6*I with fused tag pro-

teins.19,20 Studies have found E6*I is significantly increased during

the progression of cervical cancer,32 and E6 mRNA splicing favors the

high expression of the E7 oncogene.33 In the early stage of HPV

carcinogenesis, p53 degradation induced by E6 inhibits cell apoptosis

and leads to genomic instability,34 which is an important HPV

carcinogenic mechanism, and splicing of E6 transcript and high

expression of E7 may be more conducive to the malignant

proliferation of cells in the further development of carcinogene-

sis.33,35 Although E6*I can bind with E6‐AP and E6, it cannot degrade

p53.29,36 Conversely, E6*I is reported to reverse the p53 degradation

of E6,37 and competitively bind E6‐AP with E6 for inhibiting p53

degradation.17 In this study, we validated that E6*I could not degrade

p53 in HaCaT cells but upregulated p53 expression in SiHa cells,

which was consistent with previous studies. E6*I can also reduce

tumor formation of cervical cancer cells in vivo,38 which may be

related to its upregulation of p53 expression, as suggested by our

data. These results indicate that E6*I harms cervical cancer tumor

growth; however, the biological activity of E6*I is complex and needs

to be further explored.

As an important tumor‐related gene, p53 function is abnormal in

most human cancers.39 In about half of malignant tumors, mutations

in the TP53 gene directly lead to the inactivation of p53.40 The

expression level of the p53 protein is mainly determined by its

degradation rate, not its production.41,42 E3 ligases are an important

family to mediate ubiquitin‐proteasome degradation pathways and

are also important for p53 degradation.41 Multiple E3 ligases have

been reported, among which E6‐AP is a HECT‐type E3 ligase. High‐

risk HPV E6 combines with E6‐AP to degrade p53 in cervical

cancer,13 resulting in the low expression of p53 in HPV‐positive

cervical cancers. In cervical cancer, TP53 mutations and HPV

integration are mutually exclusive.43 In the samples we studied,

HPV16 E6 failed to degrade p53 because it was transcribed into E6*I.

(A)

(D) (E) (F)

(G) (H) (I)

(B) (C)

F IGURE 5 Overexpression of CCDC106 promoted cervical cancer progression and p53 degradation during E6*I overexpression. (A, B)
Comparison of migration speed between SiHa‐E6*I cells and SiHa‐E6*I‐LvCCDC106 cells and Control cells by scratch assay and transwell assay
(n= 3). (C, D) Cell proliferation was analyzed by CCK8 assay and colony formation assay was performed after transfecting the Lv‐CCDC106 in
SiHa‐E6*I cells (n = 3). (E) Subcutaneous tumor burdens of tumor weight after overexpression Lv‐CCDC106 in SiHa‐E6*I (n= 5). (F) The
representative images and comparisons of Ki67 immunohistochemical staining in subcutaneous tumor (n= 5 per group). (G) CCDC106, p53, p21,
E‐cadherin, E6, and ITGB1 expression in coexpression of E6*I and Lv‐CCDC106 cells. (H) Western blot was performed to analyze the p53 after
the treatment of 2 umol/ml MG132 for 12 h. (I) Analysis of p53 and CCDC106 by Western blot after treatment SiHa‐E6*I and SiHa‐E6*I‐Lv‐
CCDC106 cells with 50 nmol/ml CHX for 15, 30, 60min. GAPDH was the internal reference. CCK8, Cell Counting Kit‐8; CHX, cycloheximide;
E6*I, E6 spliced transcripts; GAPDH, glyceraldehyde‐3‐phosphate dehydrogenase.
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Therefore, we considered that HPV may degrade p53 in multiple

ways. We also found that the transcriptional activity and expression

level of CCDC106 increased following HPV‐CCDC106 integration.

Previous studies have reported that CCDC106 can bind to p53 to

promote its degradation.24,44 Thus, important oncogenic pathways,

such as p53, are not only regulated by HPV oncogenes in cervical

cancer but also by changes in host gene expression caused by HPV

integration.

Our study is limited by the small HPV‐CCDC106 integration sample

size and the lack of E6*I antibodies. Although previous studies

suggest changes in the 3D structure of genes may be involved,21 the

mechanisms related to the increase in CCDC106 expression following

HPV‐CCDC106 integration need to be further explored. In addition, the

mechanisms of upregulation for integrated genes near the integration

site in HPV‐related or viral‐related carcinoma need to be determined.

5 | CONCLUSIONS

In summary, we found that E6*I antagonized the complete E6 protein

and prevented p53 degradation. We also found that the increase of

CCDC106 expression caused by HPV‐CCDC106 integration pro-

moted cervical cancer progression by degrading p53, thus high-

lighting the carcinogenic mechanism underlying HPV integration in

cervical cancer. These results indicate that host genome changes

caused by HPV integration are partially responsible for cervical

cancer progression.
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