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Abstract
Background: Cervical cancers are closely associated with persistent high-risk human papillomaviruses (HR HPV)
infection. The main mechanism involves the targeting of tumor suppressors, such as p53 and pRB, for degradation by
HR HPV-encoded oncoproteins, thereby leading to tumorigenesis. Rap1GAP, a tumor suppressor gene, is down-regulated in many cancers. Previous studies have revealed that down-regulation of Rap1GAP is correlated with HPV16/18
infection in cervical cancer. However, the molecular mechanism remains unclear. In this study, we aimed to address
the degradation pathway of Rap1GAP in HPV-positive cervical cancer cells.
Methods: HPV-positive (HeLa and SiHa) and negative (C33A) cervical cancer cells were used to analyze the pathways
of Rap1GAP degradation. MG132 (carbobenzoxy-leucyl-leucyl-leucine) was used to inhibit protein degradation by
proteasome. Co-immunoprecipitation (co-IP) was used to detect the interaction between Rap1GAP and E6AP. siRNA
for E6AP was used to silence the expression of E6AP. Rapamycin was used to induce cell autophagy. Western blotting
was used to check the levels of proteins.
Results: Following treatment with MG132, the levels of Rap1GAP were increased in the HR HPV-positive HeLa and
SiHa cells, but not in the HPV-negative C33A cells. Co-immunoprecipitation assay revealed ubiquitinated Rap1GAP
protein in HeLa and SiHa cells, but not in C33A cells. E6-associated protein (E6AP) mediated the ubiquitination of Rap1GAP by binding to it in HeLa and SiHa cells, but not in C33A cells. However, the levels of Rap1GAP were decreased
in HeLa and SiHa cells after knocking down E6AP by siRNA. Silencing of E6AP did not affect the levels of Rap1GAP in
C33A cells. Autophagy marker p62 was decreased and LC3 II/LC3 I was increased after knocking down E6AP in HeLa
cells, but not in C33A cells. The levels of Rap1GAP were decreased after treating the cells with rapamycin to induce
cell autophagy in HeLa and C33A cells.
Conclusion: Rap1GAP may be degraded by autophagy in cervical cancer cells, but HPV infection can switch the
degradation pathway from autophagy to E6AP-mediated ubiquitin-proteasome degradation. E6AP may be a key
component of the switch.
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Background
Cervical cancer is the second most prevalent malignant
tumor in women based on its incidence and mortality
rate [1], and has become a serious public health problem
worldwide. Persistent infection with high-risk human papillomaviruses (HR HPVs) is responsible for 99% of cervical cancers [2, 3]. HPVs, the small double-stranded DNA
viruses, are clinically grouped into “high-” and “low-risk”
based on their propensity for malignant progression [4].
More than 200 different types of HPVs have been characterized thus far [5], of which, HPV16 and HPV18 are the
two major high-risk oncogenic viruses that are most closely
associated with cervical cancer. They account for approximately 70% of all cervical cancers [2, 5]. In one of the major
mechanisms of HR HPV-mediated cancer, the oncoproteins encoded by HR HPV, especially E6 and E7, target
tumor suppressors such as p53 and pRB, respectively, for
degradation through the ubiquitin-proteasome system
(UPS) [6]. Recently, several such cellular protein targets of
the viral oncoproteins have been identified that show significant effects on tumorigenesis [7].
Ras-related regulatory protein 1 GTPase-activating protein (Rap1GAP) is a GTPase-activating protein of the small
G protein Rap1. As a crucial tumor suppressor, it inhibits cell proliferation, migration, and invasion [8–12]. It is
found that Rap1GAP was down-regulated in many cancers, such as breast cancer [13], squamous cell carcinoma
[10, 12, 14, 15], pancreatic cancer [11], renal cell carcinoma [8], thyroid cancer [7, 16–18], gastric cancer [19, 20],
and colorectal cancer [21]. The lower level of Rap1GAP
is thought to be associated with the size of the tumor, the
advanced tumor-node-metastasis, and indicates a worse
prognosis [20]. Currently, the known mechanisms of Rap1GAP down-regulation include loss of gene heterozygosity
[22], promoter methylation [7], and gene mutation [23].
In our previous studies on cervical cancer, we found that
Rap1GAP inhibits the migration and invasion of cervical cancer cells. The expression of Rap1GAP was found to
be decreased in cervical cancer tissues and was negatively
correlated with HPV16/18 infection [24]. In this study, we
sought to better understand the mechanism of Rap1GAP
down-regulation in cervical carcinogenesis and the role of
HR HPV16/18 in the regulation of Rap1GAP levels.
Methods
Cell lines and antibodies

The HeLa cell line was purchased from Shanghai Institute
of Biochemistry and Cell Biology (Shanghai, China). The
C33A cell line was purchased from Procell Life Science

and Technology Co. Ltd. (Wuhan, China). The SiHa cell
line was purchased from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co. Ltd. (Shanghai, China). The p53 rabbit polyclonal antibody (10442-1-AP) and the ubiquitinprotein ligase E3A (UBE3A) rabbit polyclonal antibody
(10344-1-AP) were purchased from Proteintech Group
(Chicago, IL, USA). The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) rabbit polyclonal antibody
(AP0063) was purchased from Bioworld Technology Inc.
(Nanjing, China), the Rap1GAP (Y135) rabbit monoclonal antibody (ab32119) was from Abcam (Shanghai,
China), the ubiquitin mouse monoclonal antibody (sc8017) and the mouse anti-LC3 β monoclonal antibody
(sc-376404) were from Santa Cruz Biotechnology Inc.
(Dallas, TX, USA). The goat anti-mouse IgG (ZB-2305)
and goat anti-rabbit IgG (ZB-2301) antibodies were purchased from ZSGB-BIO Technology Co. Ltd. (Beijing,
China).
Cell culture

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (GIBCO; Thermo Fisher Scientific
Inc., Waltham, MA, USA), and SiHa and C33A cells
were cultured in minimum essential medium (MEM)
(Hyclone; GE Healthcare Bio-Sciences AB, Uppsala, Sweden) supplemented with 10% (v/v) fetal bovine serum
(Sijiqing; Zhejiang Tianhang Biotechnology Co. Ltd.
Hangzhou, China), 100 U/mL penicillin, and 100 μg/mL
streptomycin (Hyclone; GE Healthcare Bio-Sciences AB.)
routinely (37 °C, 5% C
 O2).
Western blotting

Cells were lysed with RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) and centrifuged at 12,000g
for 10 min at 4 °C. The supernatant was taken into a new
tube as the total cell lysate. Protein concentration in the
total cell lysate was assessed using the Bicinchoninic
Acid Assay (P0010S) (Beyotime Biotechnology). A total
of 20 μg of proteins was separated using 10% (15% for
LC3) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane
(Merck Millipore, Merck KGaA, Darmstadt, Germany).
The PVDF membrane was blocked with freshly prepared
tris-buffered saline containing 5% skimmed milk powder
for 2 h at about 25 °C, and then incubated with the primary antibody diluted in tris-buffered saline containing
5% milk overnight at 4 °C followed by incubation with the
secondary antibody for 1 h at about 25 °C. The membrane
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was then incubated with BeyoECL Plus reagent (P0018S)
(Beyotime Biotechnology) to detect the protein bands.
Co‑immunoprecipitation assay

Total cell lysates were incubated with the specific antibody at 4 °C overnight and then the supernatants were
incubated with protein A + G agarose beads (Beyotime Biotechnology) at room temperature for 3 h. After
three washes with PBS, the beads were re-suspended in
1 × SDS-PAGE loading buffer (Beyotime Biotechnology)
and boiled for 5 min. The supernatants were then used
for immunoblotting.
MG132 treatment

Cells were plated in a 24-well plate at a density of
1.5 × 105/well and cultured in DMEM for HeLa cells or
MEM for SiHa and C33A cells routinely. Twenty-four
hours later, the cells were treated with MG132 by replacing the complete medium with serum-free DMEM or
MEM containing MG132 (dissolved with dimethyl sulfoxide) at a final concentration of 20 μmol/L for 24 h
under the routine culture condition (37 °C, 5% CO2). The
control cells were treated with the solvent of MG132 by
replacing the complete medium with serum-free DMEM
or MEM containing only dimethyl sulfoxide for 24 h
under the same conditions.
siRNA for E6AP

E6AP-specific siRNA sequence was 5′-CAACUCCUG
CUC
UGA
GAU
Att and silencing control siRNA was
5′-UUCUCCGAACGUGUCACGUtt according to the
papers [25, 26], and were synthesized by Suzhou Jima
Gene Co., LTD (Suzhou, China). Cells were seeded in a
24-well plate at a density of 1.5 × 105/well and cultured
routinely. Eighteen hours later, the cells were transfected
with siRNA with Lipofectamine TM 2000 (Thermo
Fisher, Carlsbad, CA, USA) according to the manufacturer’s instruction. Forty-eight hours later, the cells were
lysed and the lysates were collected to detect the protein
levels by western blotting.
Rapamycin treatment

Cells were seeded in 12-well plates at a density of 3 × 105/
well. Twenty-four hours later, the cells were treated with
rapamycin at a final concentration of 20 nmol/L by culturing the cells in a medium with rapamycin. Seventytwo hours later, the cells were lysed and the lysates were
collected for western blotting.
Statistical analysis

Data are analyzed as mean ± standard deviation (SD)
using the independent-samples t-test for comparing
the means by SPSS 23.0. (SPSS Inc., Chicago, IL, USA).
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P < 0.05 was considered significant difference. GraphPad
Prism 7 XML Project (GraphPad Software Inc., La Jolla,
CA, USA) was used to create the illustrations.

Results
MG132 inhibits the degradation of Rap1GAP in HPV16/18
positive cervical cancer cells

The ubiquitin-proteasome pathway (UPP) is the major
pathway for the degradation of cellular proteins [3]. HR
HPV target proteins are mainly degraded by UPP [27].
To determine whether the down-regulation of Rap1GAP
in cervical cancer cells was due to proteasome-mediated
degradation, the cells were treated with a proteasome
inhibitor, MG132, and the levels of Rap1GAP in the
cells were analyzed before and after the treatment. To
understand the role of HPV16/18 in the degradation of
Rap1GAP, HPV16/18 positive cervical cancer cell lines,
HeLa (containing HPV18) and SiHa (containing HPV1
6), and an HPV-negative cervical cancer cell line, C33A,
were used in the study. The concentration of MG132
(20 μmol/L) used in this study was based on our previous
study [28]. Following the treatment of cells with MG132
for 24 h, the relative levels of Rap1GAP were significantly
increased in HeLa and SiHa (P < 0.05) (Fig. 1A, B), but not
in C33A (P > 0.05) (Fig. 1C). To ensure the reliability of
the results, p53, which is known to be degraded by UPP
[29–33], was used as a positive control. The relative levels of p53 were significantly increased following MG132
treatment in all the three cell lines (p < 0.05) (Fig. 1), in
agreement with other studies [30, 32, 34–37]. These
results indicate that, unlike p53, the degradation of Rap1GAP inhibited by MG132 is associated with HPV16/18
infection.
Rap1GAP is degraded by UPP in HPV16/18 positive cervical
cancer cells, but not in HPV‑negative cells

To provide direct evidence for Rap1GAP degradation
through UPP, the interaction between Rap1GAP and
ubiquitin was analyzed in HPV16/18 positive and negative cells using co-IP assays. Cell lysates were prepared
from HeLa, SiHa, and C33A cells and an anti-Rap1GAP
antibody was used for immunoblotting. Poly-ubiquitinated Rap1GAP (Rap1GAP[Ub]n) was found in HeLa
and SiHa cells, but not in C33A cells (Fig. 2). These
results confirmed that Rap1GAP was degraded by UPP in
an HPV16/18-dependent manner.
E6AP is involved in the ubiquitin‑mediated degradation
of Rap1GAP in HPV16/18 positive cervical cancer cells

E6-associated protein (E6AP) is an important E3
ubiquitin ligase. It plays a crucial role in HR HPVassociated cancers [6]. Because the ubiquitin-mediated degradation of Rap1GAP was found to be HR
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Fig. 1 Degradation of Rap1GAP is inhibited by MG132 in HPV16/18 positive cervical cancer cells. HeLa (A), SiHa (B), and C33A (C) cells were
treated with 20 μmol/L MG132 for 24 h. The levels of Rap1GAP and p53 proteins were analyzed using western blotting, as described in “Methods”
section. The fold change is the ratio of the value from the cells treated with MG132 divided by that from the control cells. The data are from three
independent experiments. *p < 0.05

HPV16/18-dependent, we analyzed the interaction
between Rap1GAP and E6AP using co-IP assays in
HPV-positive cervical cancer cells. The results showed
that Rap1GAP directly binds to E6AP in HeLa and SiHa
cells, but not in C33A cells (Fig. 3), suggesting that

E6AP is involved in the ubiquitin-mediated degradation of Rap1GAP in an HPV-dependent manner.
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Fig. 2 Rap1GAP is degraded by the UPP in HPV16/18 positive
cervical cancer cells. Total cell lysates (as indicated) were used to
detect the expression of Rap1GAP in the cells (input) and subjected
to immunoprecipitation with an anti-Rap1GAP antibody. The
pulled-down proteins were analyzed using immunoblotting with
the anti-ubiquitin antibody to detect the interaction between
Rap1GAP and ubiquitin. To avoid the disturbance bands at 55 kD
and 25 kD formed by the antibody used for pull-down in co-IP,
the anti-Rap1GAP antibody was from rabbit and the anti-ubiquitin
antibody was from mouse in co-IP (see “Methods” section)

Fig. 3 Rap1GAP interacts with E6AP in HPV16/18 positive cervical
cancer cells. Total cell lysates from HeLa, SiHa and C33A cells were
used to detect the expression of Rap1GAP and E6AP in the cells
(input). Then, the lysates were subjected to immunoprecipitation with
an anti-Rap1GAP antibody. The pulled-down proteins were analyzed
using immunoblotting. Interaction between Rap1GAP and E6AP was
detected with an anti-E6AP antibody, and the immunoprecipitation
efficiency of Rap1GAP was verified with an anti-Rap1GAP antibody

Knocking down E6AP actives autophagy degradation
pathway of Rap1GAP in HPV16/18 positive cervical cancer
cells

To understand the role of E6AP in the ubiquitin-mediated degradation of Rap1GAP, we knocked down the
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expression of E6AP by siRNA in HeLa, SiHa and C33A
cells. Surprisingly, the levels of Rap1GAP were decreased
in HeLa and SiHa cells, but not in C33A cells. In C33A
cells, the levels of Rap1GAP were not affected by silencing E6AP (Fig. 4). To confirm the reliability of the results,
the levels of p53 were measured in the cells simultaneously. The results showed that the levels of p53 were elevated in the cells after E6AP was knocked down (Fig. 4).
The autophagy-lysosome pathway (ALP) is another
important pathway for protein degradation. There are
complex cross-talks between UPP and ALP. To understand the phenomenon that down-regulation of E6AP
decreased the levels of Rap1GAP, we explored whether
knocking down E6AP activates the autophagy pathway, which leads to the degradation of Rap1GAP. E6AP
was knocked down with siRNA for E6AP, the autophagy
markers, p62 and LC3 II/LC3 I, were detected. The
results showed that the levels of p62 were decreased and
LC3 II/LC3 I was increased after E6AP was knocked
down in HeLa cells. The levels of the autophagy markers
were not affected in C33A cells (Fig. 5). The results indicate that down-regulation of E6AP can induce autophagy
in HPV-positive cells but not in HPV-negative cells. To
confirm whether the levels of Rap1GAP can be degraded
by autophagy, we treated the cells with rapamycin to
induce autophagy. The levels of Rap1GAP were decreased
in HeLa and C33A cells as expected (Fig. 6). The results
suggest that the decrease of Rap1GAP caused by knocking down E6AP may be due to the activation of ALP.

Discussion
Ubiquitin-mediated degradation of proteins associated with HR HPVs plays a key role in HPV-related carcinogenesis. In addition to p53 and pRB, two important
tumor suppressors, several target proteins of HR HPV
oncoproteins have been discovered. Identification of HR
HPV target proteins is of considerable significance not
only to understand the molecular mechanism of tumorigenesis but also because they can be potential new targets for cancer therapy. Rap1GAP, a key molecule that
regulates the activity of Rap1, was found to be downregulated in cervical cancer with HPV16/18 infection. To
investigate the mechanism of Rap1GAP down-regulation
related to HPV16/18 infection in cervical cancer, the HR
HPV positive cell lines, HeLa (containing HPV18) and
SiHa (containing HPV16), and the HPV-negative cervical cancer cell line, C33A, were used in the study. Treatment of the cells with MG132 led to an increase in the
protein levels of Rap1GAP in the HPV-positive cervical
cancer cells, HeLa and SiHa, but not in the HPV-negative
cervical cancer cell line, C33A (Fig. 1). Poly-ubiquitinated
Rap1GAP was detected in HeLa and SiHa cells, but not
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Fig. 4 Knocking down E6AP increase the levels of Rap1GAP in HPV-positive cervical cancer cells. HeLa, SiHa and C33A cells were transfected with
siRNA for E6AP, and the levels of E6AP were detected by western blotting to check the efficiency of knocking down. Then, the levels of Rap1GAP
and p53 were detected by western blotting after silencing E6AP. *p < 0.05
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Fig. 5 Knocking down E6AP activates the autophagy degradation pathway of Rap1GAP in HPV-positive cervical cancer cells. Cells, as indicated,
were transfected with siRNA for E6AP to silence the expression of E6AP. The knocking-down efficiency was evaluated by detecting the levels of
E6AP in the cells. Then, the autophagy markers p62 and LC3 II/LC3 I were checked to assess the levels of autophagy

in C33A cells (Fig. 2). These results suggested that ubiquitin-mediated degradation of Rap1GAP was associated
with HR HPV infection. HPV16/18 infection likely triggers the degradation of Rap1GAP via UPP, which leads to
the down-regulation of Rap1GAP in HPV16/18 infected
cells.
Protein ubiquitination is catalyzed by a cascade of
enzymes including the E1 Ub-activating enzymes, E2
Ub-conjugating enzymes, and E3 ubiquitin (Ub) ligases.
E3 Ub ligases are responsible for substrate specificity by
specifically recognizing the ubiquitinated target proteins.

E3s are classified into three dominant groups, the homologous to E6AP C terminus (HECT), the Really Interesting
New Gene (RING), and the RING-between-RING (RBR)
[38]. E6AP belongs to the HECT type E3 with a signature HECT domain for E2 binding [39]. It is a 98 kDa
protein encoded by the UBE3A gene, and therefore, it is
also known as UBE3A. E6AP/UBE3A is widely expressed
in cells. It is known for its important role in HR HPVmediated p53 ubiquitin-proteasome degradation [27, 39,
40]. E6AP-mediated proteolysis plays an important role
in many cellular processes associated with HPV-induced
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Fig. 6 Rap1GAP is degraded by the autophagy pathway. Cells, as indicated, were treated with rapamycin for 72 h to induce cell autophagy. The cell
lysates were used to check the autophagy markers p62 and LC3 II/I to assess the levels of autophagy. Then, the levels of Rap1GAP were detected by
western blotting to check the effect of autophagy on the degradation of Rap1GAP

carcinogenesis [6, 39]. Therefore, the involvement of
E6AP in the degradation of Rap1GAP by UPP was investigated. Due to E6AP itself is degraded by UPP, which can
be promoted by HR HPV, the levels of E6AP are low in
HPV-positive HeLa and SiHa cells (Fig. 3), in agreement
with other studies [41]. An interaction between Rap1GAP and E6AP was found in HeLa and SiHa cells by
co-IP assays (Fig. 3), indicating that E6AP is involved in
HPV16/18-associated ubiquitination and degradation of
Rap1GAP.

If E6AP is an E3 ligase of Rap1GAP degradation, the
levels of Rap1GAP will increase after down-regulation
of E6AP. Then we silenced E6AP by siRNA. Surprisingly, the levels of Rap1GAP were decreased in HeLa
and SiHa cells (Fig. 4). To ensure the authenticity of
the results, p53 was used as a control due to the reason
that p53 is a well-known protein degraded by E6APmediated UPP in HPV-positive cervical cancer cells
[42, 43]. The levels of p53 were increased after E6AP
was knocked down in HeLa and SiHa cells (Fig. 4),
consistent with the results of other researches [44]. In
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HPV-negative C33A cells, the levels of p53 were also
increased after knocking down E6AP, which is different from that in other HPV-negative cells such as
MCF7 and 293 T (data not shown). This may be due to
that p53 is mutated in C33A (arg273cys) and wild type
in the others. Wild type p53 is degraded by MDM2 or
CHIP-mediated UPP which are inhibited when p53
is mutated [45–47]. The levels of Rap1GAP in HPVpositive cells did not increase, but decreased, after
E6AP was knocked down, indicating that Rap1GAP
could be degraded by other ways besides E6AP-mediated UPP. Autophagy is another important pathway
of protein degradation, and there are complex crosstalks between autophagy and ubiquitination degradation pathways [48, 49]. We further explored whether
knocking down E6AP activates autophagy to degrade
Rap1GAP. The results showed that knocking down
E6AP decreased the levels of p62 and increased the
levels of LC3 II/LC3 I in HeLa cells but not in C33A
cells (Fig. 5), suggesting that silencing of E6AP does
activate autophagy in Hela cells but not in C33A cells.
The results implicate that HR HPV infection plays a
role in the selection of degradation pathways of Rap1GAP in which E6AP is involved.
Putting the above results together, we propose that
Rap1GAP is degraded by the autophagy pathway in
HPV-negative cells. When the cells are infected with
HR HPVs, the viruses inhibit host autophagy to protect
themselves from rapid degradation [50]. The HR HPVs
employ E6AP to bind Rap1GAP, enabling Rap1GAP to
be degraded by UPP. That is, the degradation of Rap1GAP is switched from the autophagy pathway to the
E6AP-mediated UPP under HPV-infection-stress.
Therefore, silencing of E6AP in HPV-positive cells will
block the UPP degradation of Rap1GAP and restore
the autophagy pathway, resulting in a decrease of Rap1GAP (Fig. 4A, B). Inducing autophagy will counteract
the inhibition of UPP on the autophagy degradation
of Rap1GAP in HPV-positive cells, leading to Rap1GAP degradation by autophagy (Fig. 6A). In HPVnegative C33A cells, because Rap1GAP is degraded by
autophagy rather than UPP, silencing E6AP will not
affect the degradation of Rap1GAP (Fig. 4C), while
induction of autophagy leads to the degradation of Rap1GAP (Fig. 6B). The results also indicated that both
HR HPVs infection and E6AP are indispensable for the
switch. Rap1GAP is degraded by the autophagy pathway in the absence of HR HPVs, and switched to UPP
degradation in the presence of HR HPVs. However,
without E6AP, the UPP pathway for Rap1GAP degradation will be switched back to the autophagy pathway
even in the presence of HR HPVs.

Page 9 of 11

Rap1GAP is an important regulator of small G protein Rap1 activation. Our findings provide a better
understanding of the mechanism of HPV-associated
tumorigenesis and new potential targets for tumor
therapy. The molecular mechanism through which HPV
affects Rap1GAP degradation and its roles in cervical
cancer development deserves further analysis.

Conclusions
Rap1GAP may be degraded by autophagy, but HPV infection can turn Rap1GAP degradation from autophagy
pathway to E6AP-mediated UPP, and E6AP may be one
of the key components of the switch.
Abbreviations
Co-IP: Co-immunoprecipitation; DMEM: Dulbecco’s modified Eagle’s medium;
E1: Ubiquitin-activating enzyme; E2: Ubiquitin-conjugating enzyme; E3: The
ubiquitin ligase; E6AP: E6-associated protein; ECL: Electrochemiluminescence;
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HECT: Homologous to
E6AP C terminus; HR HPV: High-risk human papillomavirus; IP: Immunoprecipitation; MDM2: Murine double minute2; MEM: Minimum essential medium;
MG132: Carbobenzoxy-leucyl-leucyl-leucinal; PVDF: Polyvinylidene fluoride;
Rap1GAP: Ras-related regulatory protein 1 GTPase-activating protein; RING:
Really interesting new gene; SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis; Ub: Ubiquitin; Ub(n): Polyubiquitin; UPP: Ubiquitinproteasome pathway; UPS: Ubiquitin-proteasome system; WB: Western
blotting.
Acknowledgements
Not applicable.
Authors’ contributions
YW, YX, BS, YG, and LS performed the experiments; YW, YX, BS, and LS analyzed
the data and created the figures; YW, DEM, and CZ drafted and revised the
manuscript with comments from all authors; CZ contributed to the conception and design of the research. All authors read and approved the final
manuscript.
Funding
This work was supported by Department of Science and Technology of Liaoning Province of China [Grant Number 20180530100].
Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that there are no conflicts of interest.
Author details
1
College of Laboratory Medicine, Dalian Medical University, 9 West Section,
Lvshun South Road, Dalian, Liaoning, China. 2 Present Address: Liaoning Provincial Center for Disease Control and Prevention, Shenyang, China. 3 Present
Address: Foruth Teaching Hospital, Tianjin University of Traditional Chinese
Medicine, Tianjin, China.

Wang et al. Infectious Agents and Cancer

(2021) 16:71

Received: 5 October 2020 Accepted: 3 December 2021

References
1. Mabelele M, Materu J, Ng’ida FD, Mahande MJ. Knowledge towards
cervical cancer prevention and screening practices among women who
attended reproductive and child health clinic at Magu district hospital,
Lake Zone Tanzania: a cross-sectional study. BMC Cancer. 2018;18:565.
2. Moody CA, Laimins LA. Human papillomavirus oncoproteins: pathways to
transformation. Nat Rev Cancer. 2010;10:550.
3. Chow LT, Broker TR. Human Papillomavirus infections: warts or cancer? Cold
Spring Harbor Perspect Biol. 2013;5:a012997.
4. Soto D, Song C, McLaughlin-Drubin ME. Epigenetic alterations in human
Papillomavirus-associated cancers. Viruses. 2017;9:248.
5. Juline P, Elise B, Marie-Laure S, Patricia C, Yves N, Louis J, et al. Mapping the
interactome of HPV E6 and E7 oncoproteins with the ubiquitin-proteasome
system. FEBS J. 2017;284:3171.
6. Bandilovska I, Keam SP, Gamell C, Machicado C, Haupt S, Haupt Y. E6AP goes
viral: the role of E6AP in viral- and non-viral-related cancers. Carcinogenesis.
2019;40:707.
7. Nellore A, Paziana K, Ma CQ, Tsygankova OM, Wang Y, Puttaswamy K, et al.
Loss of Rap1GAP in papillary thyroid cancer. J Clin Endocrinol Metab.
2009;94:1026.
8. Kim WJ, Gersey Z, Daaka Y. Rap1GAP regulates renal cell carcinoma invasion.
Cancer Lett. 2012;320:65.
9. Zheng H, Gao L, Feng Y, Yuan L, Zhao H, Cornelius LA. Down-regulation of
Rap1GAP via promoter hypermethylation promotes melanoma cell proliferation, survival, and migration. Cancer Res. 2009;69:449.
10. Zhang Z, Mitra RS, Henson BS, Datta NS, McCauley LK, Kumar P, et al. Rap1GAP inhibits tumor growth in oropharyngeal squamous cell carcinoma.
Am J Pathol. 2006;168:585.
11. Zhang L, Chenwei L, Mahmood R, Datta NS, McCauley LK, Kumar P, et al.
Identification of a putative tumor suppressor gene Rap1GAP in pancreatic
cancer. Cancer Res. 2006;66:898.
12. Tsygankova OM, Ma C, Tang W, Korch C, Feldman MD, Lv Y, et al. Downregulation of Rap1GAP in human tumor cells alters cell/matrix and cell/cell
adhesion. Mol Cell Biol. 2010;30:3262.
13. Sjoblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber TD, et al. The consensus coding sequences of human breast and colorectal cancers. Science.
2006;314:268.
14. Banerjee R, Mani RS, Russo N, Tsodikov A, Jing X, Cao Q, et al. The tumor suppressor gene rap1GAP is silenced by miR-101-mediated EZH2 overexpression in invasive squamous cell carcinoma. Oncogene. 2011;30:4339.
15. Mitra RS, Goto M, Lee JS, Maldonado D, Taylor JMG, Pan Q, et al. Rap1GAP
promotes invasion via induction of matrix metalloproteinase 9 secretion,
which is associated with poor survival in low N-stage squamous cell carcinoma. Cancer Res. 2008;68:3959.
16. Zuo H, Gandhi M, Edreira MM, Hochbaum D, Nimgaonkar VL, Zhang P, et al.
Downregulation of Rap1GAP through epigenetic silencing and loss of heterozygosity promotes invasion and progression of thyroid tumors. Cancer
Res. 2010;70:1389.
17. Dong X, Tang W, Stopenski S, Brose MS, Korch C, Meinkoth JL. RAP1GAP
inhibits cytoskeletal remodeling and motility in thyroid cancer cells. Endocr
Relat Cancer. 2012;19:575.
18. Dong X, Korch C, Meinkoth JL. Histone deacetylase inhibitors upregulate
Rap1GAP and inhibit Rap activity in thyroid tumor cells. Endocr Relat Cancer.
2011;18:301.
19. Zhao J, Mai C, Weng D, Chen C, Zhou Z, Liu Y, et al. Reduced expression of
Rap1GAP as a prognostic biomarker for primary gastric cancer patients.
Cancer Biomark. 2018;22:375.
20. Yang Y, Zhang J, Yan Y, Cai H, Li M, Sun K, et al. Low expression of Rap1GAP is
associated with epithelial-mesenchymal transition (EMT) and poor prognosis in gastric cancer. Oncotarget. 2017;8:8057.
21. Gao WL, Ye GC, Liu LW, Wei L. The downregulation of Rap1 GTPase-activating protein is associated with a poor prognosis in colorectal cancer and may
impact on tumor progression. Oncol Lett. 2018;15:7661.
22. Qi X, Chen Z, Qian J, Cen J, Gu M. Expression of Rap1GAP in human myeloid
disease following microarray selection. Genet Mol Res. 2008;7:379.

Page 10 of 11

23. Tamate M, Tanaka R, Osogami H, Matsuura M, Satohisa S, Iwasaki M, et al.
Rap1GAP inhibits tumor progression in endometrial cancer. Biochem
Biophys Res Commun. 2017;485:476.
24. Kong FD, Li CH, Zhao CY. The expression of Rap1GAP in cervical cancer and
its relationship with HPV16/18 infection. Journal of Dalian Medical University. 2010;32:142 (in Chinese).
25. Zheng L, Ding H, Lu Z, Li Y, Pan Y, Ning T, Ke Y. E3 ubiquitin ligase E6APmediated TSC2 turnover in the presence and absence of HPV16 E6. Genes
Cells. 2008;13(3):285–94. https://doi.org/10.1111/j.1365-2443.2008.01162.x.
26. Kelley ML, Keiger KE, Lee CJ, Huibregtse JM. The global transcriptional
effects of the human papillomavirus E6 protein in cervical carcinoma cell
lines are mediated by the E6AP ubiquitin ligase. J Virol. 2005;79(6):3737–47.
https://doi.org/10.1128/JVI.79.6.3737-3747.2005.
27. Drews CM, Brimer N, Vande Pol SB. Multiple regions of E6AP (UBE3A) contribute to interaction with papillomavirus E6 proteins and the activation of
ubiquitin ligase activity. PLoS Pathog. 2020;16:e1008295.
28. Lin YW, Kong FD, Li Y, Wang YH, Song L, Zhao CY. The tumor suppressor
OVCA1 is a short half-life protein degraded by the ubiquitin-proteasome
pathway. Oncol Lett. 2019;17:2328.
29. Kwon SK, Saindane M, Baek KH. p53 stability is regulated by diverse deubiquitinating enzymes. Biochem Biophys Acta. 2017;1868:404.
30. Mantovani F, Banks L. Inhibition of E6 induced degradation of p53 is not
sufficient for stabilization of p53 protein in cervical tumour derived cell lines.
Oncogene. 1999;18:3309.
31. Anwar A, Norris DA, Fujita M. Ubiquitin proteasomal pathway mediated
degradation of p53 in melanoma. Arch Biochem Biophys. 2011;508:198.
32. Maki CG, Huibregtse JM, Howley PM. In vivo ubiquitination and proteasome-mediated degradation of p53(1). Cancer Res. 1996;56:2649.
33. Chowdary DR, Dermody JJ, Jha KK, Ozer HL. Accumulation of p53 in
a mutant cell line defective in the ubiquitin pathway. Mol Cell Biol.
1994;14:1997.
34. Scheffner M, Münger K, Byrne JC, Howley PM. The state of the p53 and
retinoblastoma genes in human cervical carcinoma cell lines. Proc Natl Acad
Sci USA. 1991;88:5523.
35. Hougardy BMT, Maduro JH, van der Zee AGJ, de Groot DJA, van den Heuvel
FAJ, de Vries EGE, et al. Proteasome inhibitor MG132 sensitizes HPV-positive
human cervical cancer cells to rhTRAIL-induced apoptosis. Int J Cancer.
2006;118:1892.
36. Ristriani T, Fournane S, Orfanoudakis G, Travé G, Masson M. A single-codon
mutation converts HPV16 E6 oncoprotein into a potential tumor suppressor, which induces p53-dependent senescence of HPV-positive HeLa
cervical cancer cells. Oncogene. 2008;28:10.
37. Sun L, Shen X, Liu Y, Zhang G, Wei J, Zhang H, et al. The location of endogenous wild-type p53 protein in 293T and HEK293 cells expressing low-risk
HPV-6E6 fusion protein with GFP. Acta Biochim Biophys Sin (Shanghai).
2010;42:230.
38. Sailer C, Offensperger F, Julier A, Kammer K-M, Walker-Gray R, Gold MG, et al.
Structural dynamics of the E6AP/UBE3A-E6-p53 enzyme-substrate complex.
Nat Commun. 2018;9:4441.
39. Wang Y, Liu X, Zhou L, Duong D, Bhuripanyo K, Zhao B, et al. Identifying the
ubiquitination targets of E6AP by orthogonal ubiquitin transfer. Nat Commun. 2017;8:2232.
40. Talis AL, Huibregtse JM, Howley PM. The role of E6AP in the regulation of
p53 protein levels in human papillomavirus (HPV)-positive and HPV-negative cells. J Biol Chem. 1998;273:6439.
41. Kao WH, Beaudenon SL, Talis AL, Huibregtse JM, Howley PM. Human papillomavirus type 16 E6 induces self-ubiquitination of the E6AP ubiquitin-protein
ligase. J Virol. 2000;74:6408.
42. Michnov O, Solomayer E, Fehm T, Stubenrauch F, Iftner T. Knock down of
p53 or its ubiquitin ligase E6AP does not affect the sensitivity of human
papillomavirus-positive cervical cancer cells to cisplatin. Am J Cancer Res.
2012;2:309.
43. Hengstermann A, Linares LK, Ciechanover A, Whitaker NJ, Scheffner M.
Complete switch from Mdm2 to human papillomavirus E6-mediated degradation of p53 in cervical cancer cells. Proc Natl Acad Sci. 2001;98:1218.
44. Hengstermann A, D’Silva MA, Kuballa P, Butz K, Hoppe-Seyler F, Scheffner
M. Growth suppression induced by downregulation of E6-AP expression
in human papillomavirus-positive cancer cell lines depends on p53. J Virol.
2005;79:9296.
45. Choi S, Chen M, Cryns VL, Anderson RA. A nuclear phosphoinositide kinase
complex regulates p53. Nat Cell Biol. 2019;21:462.

Wang et al. Infectious Agents and Cancer

(2021) 16:71

Page 11 of 11

46. Ingallina E, Sorrentino G, Bertolio R, Lisek K, Zannini A, Azzolin L, et al.
Mechanical cues control mutant p53 stability through a mevalonate-RhoA
axis. Nat Cell Biol. 2018;20:28.
47. Wiech M, Olszewski MB, Tracz-Gaszewska Z, Wawrzynow B, Zylicz M, Zylicz
A. Molecular mechanism of mutant p53 stabilization: the role of HSP70 and
MDM2. PLoS ONE. 2012;7:e51426.
48. Dikic I. Proteasomal and autophagic degradation systems. Annu Rev Biochem. 2017;86:193.
49. Kocaturk NM, Gozuacik D. Crosstalk between mammalian autophagy and
the ubiquitin-proteasome system. Front Cell Dev Biol. 2018;6:128.
50. Mattoscio D, Medda A, Chiocca S. Human papilloma virus and autophagy.
Int J Mol Sci. 2018;19:1775.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

