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Abstract

Background and Objectives: Human papillomavirus (HPV)-16 infection may be related to non-smoking associated lung
cancer. Our previous studies have found that HPV-16 oncoproteins promoted angiogenesis via enhancing hypoxia-
inducible factor-1a (HIF-1a), vascular endothelial growth factor (VEGF), and interleukin-8 (IL-8) expression in non-small cell
lung cancer (NSCLC) cells. In this study, we further investigated the roles of PI3K/Akt and c-Jun signaling pathways in it.

Methods: Human NSCLC cell lines, A549 and NCI-H460, were stably transfected with pEGFP-16 E6 or E7 plasmids. Western
blotting was performed to analyze the expression of HIF-1a, p-Akt, p-P70S6K, p-P85S6K, p-mTOR, p-JNK, and p-c-Jun
proteins. VEGF and IL-8 protein secretion and mRNA levels were determined by ELISA and Real-time PCR, respectively. The
in vitro angiogenesis was observed by human umbilical vein endothelial cells (HUVECs) tube formation assay. Co-
immunoprecipitation was performed to analyze the interaction between c-Jun and HIF-1a.

Results: HPV-16 E6 and E7 oncoproteins promoted the activation of Akt, P70S6K, P85S6K, mTOR, JNK, and c-Jun. LY294002,
a PI3K inhibitor, inhibited HPV-16 oncoprotein-induced activation of Akt, P70S6K, and P85S6K, expression of HIF-1a, VEGF,
and IL-8, and in vitro angiogenesis. c-Jun knockdown by specific siRNA abolished HPV-16 oncoprotein-induced HIF-1q,
VEGF, and IL-8 expression and in vitro angiogenesis. Additionally, HPV-16 oncoproteins promoted HIF-1a protein stability
via blocking proteasome degradation pathway, but c-Jun knockdown abrogated this effect. Furthermore, HPV-16
oncoproteins increased the quantity of c-Jun binding to HIF-1a.

Conclusions: PI3K/Akt signaling pathway and c-Jun are involved in HPV-16 oncoprotein-induced HIF-1a, VEGF, and IL-8
expression and in vitro angiogenesis. Moreover, HPV-16 oncoproteins promoted HIF-1a protein stability possibly through
enhancing the interaction between c-Jun and HIF-1a, thus making a contribution to angiogenesis in NSCLC cells.

Citation: Zhang E, Feng X, Liu F, Zhang P, Liang J, et al. (2014) Roles of PI3K/Akt and c-Jun Signaling Pathways in Human Papillomavirus Type 16 Oncoprotein-
Induced HIF-10, VEGF, and IL-8 Expression and In Vitro Angiogenesis in Non-Small Cell Lung Cancer Cells. PLoS ONE 9(7): e103440. doi:10.1371/journal.pone.
0103440

Editor: Ming Tan, University of South Alabama, United States of America
Received April 25, 2014; Accepted July 2, 2014; Published July 24, 2014

Copyright: © 2014 Zhang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its
Supporting Information files.

Funding: This work was supported by the grants from National Natural Science Foundation of China, 81372511, 81073103, and 30872944 (To Xudong Tang),
Guangdong Natural Science Foundation, $2012010008232 (To Xudong Tang), the Specialized Foundation for Introduced Talents of Guangdong Province Higher
Education (Foundation for High-Level Talent), 2050205 (To Xudong Tang), Zhanjiang Municipal Governmental Specific Financial Fund Allocated for Competitive
Scientific & Technological Projects, 2012C0303-56 (To Xudong Tang), and China Scholarship Council and the State Scholarship Fund, 201308440331 (To Xudong
Tang). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* Email: tangxudong2599@126.com

@ These authors contributed equally to this work.

Introduction

Lung cancer is the leading cause of cancer-related deaths
worldwide, and mortality rates continue to increase among older
women with lung cancer in many countries [1]. Non-small cell
lung cancer (NSCLC) comprises the majority of lung cancer.
Cigarette smoking is considered the major risk factor for NSCLC.
However, approximately 25% of all lung cancer cases have been
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observed in never-smokers [2,3]. Moreover, it was reported that
there are different epidemiologic evidences, clinicopathologic
features, and survival rates between ever-smoking and never-
smoking NSCLC patients [4-6], implying that never-smoking
NSCLC might be a different disease and have different risk factors
[5,7]. Therefore, other non-smoking risk factors might contribute
to never-smoking NSCLC.
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In the early 1980s, Syrjanen first suggested the possibility of
human papillomavirus (HPV) involvement in bronchial squamous
cell carcinoma [8]. Afterwards, a growing body of epidemiological
evidence from different countries has shown that the positive rate
of high-risk HPV-16/18 DNA and E6 and E7 oncogenes in
NSCLC was much higher than that in benign lung neoplasms [9—
16], wherein HPV-16 was the most prevalent HPV genotype with
frequent E6/E7 oncogene expression [10,13,16]. It is worth
noting that the prevalence of HPV infection in clinical specimens
of bronchial carcinomas is widely divergent in different geographic
regions and histological tissue types, ranged from 0.0 to 100%
[17,18]. But high-risk HPV infection, especially HPV-16, in
NSCLC patients has a higher prevalence in Asia, especially in
China [9,11,12,15]. Recently, high levels of IgG against HPV-16
and 18 E7 in 16% of NSCLC patients were also detected [18].
With the progress of the studies, high-risk HPV infection has been
proposed as a potential cause for NSCLC [17,18].

Angiogenesis is required for invasive tumor growth and
metastasis and plays an important role in the development and
progression of cancer including NSCLC [19-21]. Angiogenesis,
inflammation, and coagulation markers were found to increase in
NSCLC patients [21]. Increased levels of vascular endothelial
growth factor (VEGF), a key angiogenic factor, correlated with a
poor prognosis in NSCLC patients [21,22]. Hypoxia inducible
factor-lo. (HIF-1o1) was suggested to be an important upstream
molecule mediating VEGF expression and angiogenesis. It was
reported that there was an association of HIF-1o polymorphisms
with susceptibility to NSCLC [23]. Additionally, interleukin-8 (IL-
8), a pro-inflammatory chemokine, has also been found to be
associated with NSCLC risk [24,25]. Therefore, HIF-1o, VEGF,
and IL-8 play key roles in the development of NSCLC.
Interestingly, our previous study has demonstrated that HPV-16
E6 and E7 oncoproteins promoted HIF-1a protein accumulation
and HIF-lo-dependent VEGF and IL-8 expression in NSCLC
cells [26]. However, the underlying mechanisms by which HPV-
16 oncoproteins enhanced HIF-1o, VEGF, and IL-8 expression in
NSCLC cells remain unclear.

Previous studies have demonstrated that multiple signaling
pathways including phosphoinositide 3-kinase (PI3K)/Akt/mam-
malian target of rapamycin (mTOR) and mitogen-activated
protein kinase (MAPK) signaling pathways mediate HIF-1o and
VEGF expression induced by hypoxia or insulin-like growth
factor-1 (IGF-1) in various cancer cells [27-30]. PI3K/Akt/
mTOR signaling pathway has been well characterized and
recognized to play essential roles in lung cancer cell proliferation
and survival [31]. There are three major MAPK signaling
pathways, namely, signal-regulated kinase (ERK), c-Jun N-
terminal kinase (JNK), and p38 MAPK pathways. Targets of
JNK pathway include the activator protein 1 (AP-1) group of
transcription factors, such as Jun. c-Jun contributes to transfor-
mation and cancer development and JNK activation has been
demonstrated to be involved in the control of the tumor-initiating
capacity of NSCLC cells [32]. Therefore, PISK/Akt/mTOR and
MAPK signaling pathways play crucial roles in the initiation and
development in NSCLC. Moreover, our previous studies have
demonstrated that PI3K/Akt and ERK1/2 signaling pathways
were involved in HPV-16 E6- and E7-induced HIF-1a. protein
accumulation in C-33A and HelLa cervical cancer cell lines [33].
However, the roles of PI3K/Akt and MAPK signaling pathways in
HPV-16 oncoprotein-induced HIF-1a, VEGF, and IL-8 expres-
sion in NSCLC cells have not been reported.

In this study, we investigated the roles of PI3K/Akt and JNK/c-
Jun signaling pathways in HIF-1a, VEGF, and IL-8 expression,
and in vitro angiogenesis induced by HPV-16 E6 and E7
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oncoproteins in NSCLC cells. We found for the first time to our
knowledge that PI3K/Akt signaling pathway and c-Jun were
involved in HPV-16 E6- and E7-induced HIF-1a, VEGF, and IL-
8 expression in NSCLC cells, leading to angiogenesis in vitro.
HPV-16 E6 and E7 oncoproteins promoted HIF-loo protein
stability through enhancing the interaction between HIF-1o and c-
Jun, thus triggering HIF-lo-mediated angiogenesis in NSCLC
cells.

Materials and Methods

Regents

Transfection reagent (Lipofectamine 2000) was obtained from
Invitrogen Corporation (Carlshad, CA). In vilro angiogenesis
assay kit (ECM625) was from Millipore (Temecula, CA, USA).
Mouse anti-human HIF-1ao monoclonal antibody was from BD
Transduction Laboratories (San Diego, CA, USA). Mouse anti-
human B-actin antibody was purchased from Beyotime Biotech-
nology Corporation, Shanghai (Shanghai, China). One Step
SYBR PrimeScript RT-PCR (No.DRRO86A) was purchased from
TaKaRa Biotechnology (Dalian) Co., LTD (Dalian, China). Total
and phosphorylated Akt (Ser*”?), P70S6K (Thr*® and Thr*?"),
P85S6K, mTOR (Ser?*®!), INK (Thr'®?/Tyr'®), and c-Jun (Ser®)
antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA). Anti-VHL antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). G418 was from Sigma (St.
Louis, MO, USA). MG132, Cycloheximide (CHX), LY294002,
SP6002125, normal rabbit IgG, protein A garose beads, and
Immunol Fluorence Staining Kit were from Beyotime Biotech-
nology Corporation, Shanghai (Shanghai, China). Human VEGF
and IL-8 Enzyme-linked immunosorbent assay (ELISA) reagent
kits were purchased from Wuhan Boster Bio-engineering limited
company (Wuhan, China).

Cell lines and Cell Culture

Human NSCLC cell line A549 (adenocarcinoma cell line) and
human umbilical vein endothelial cells (HUVECs) were obtained
from American Type Culture Collection (ATCC; Rockville, MD).
Human NSCLC cell line NCI-H460 (a large cell lung cancer cell
line) was purchased from Chinese Academy of Sciences Cell Bank
of Type Culture Collection (CBTCCCAS; Shanghai, China). All
cells were cultured in RPMI-1640 media supplemented with 10%
FBS, penicillin (100 U/mL) and streptomycin (100 pg/mL)
(Invitrogen). All cultures were maintained at 37°C in a humidified
atmosphere with 5% COs.

Stable transfection and establishment of stable-
transfected cells

The method was as described previously [34]. Briefly, A549 and
NCI-H460 cells at 70% to 80% confluence were respectively
transfected with pEGFP empty vector, pEGFP-16 E6, E6 mutant
(E6m), E7, and E7 mutant (E7m) plasmids using lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
G418 (400 ug/mL in RPMI 1640) combined with flow cytometry
was used to screen transfected cells. The expression of HPV-16 E6
or E7 oncoprotein was detected by Western blotting every other
week [34].

RNA interference

The target sequences of RNA interference (RNAI) against c-Jun
were previously confirmed [35] and synthesized by Shanghai
GenePharma Co., Ltd (Shanghai, China). The sequences of sense
strand-directed siRNA against c-Jun are as follows: c-Jun siRNA-
1(Si-1)  5'-GAUGGAAACAGC CUUCUAUTT -3'; c-Jun
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siRNA-2(Si-2) 5'-CCUCAGCAACUUCAACCCATT-3" [Gen-
bank:NC_000001.10] [35]. HPV-16 E6 or E7-transfected NSCLC
cells were cultured in 35 mm plates with growth media without
antibiotics. The cells were transiently co-transfected for 4 h with c-
Jun siRNA or non-specific control siRNA (NS-siRNA) via
lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After 48 h incubation at 37°C, the cells were
harvested and subjected to Western blot analysis, and the
conditioned media were used to ELISA and in vilro angiogenesis
assay.

Protein extraction and Western blotting

The method was as described previously [26]. Briefly, total
proteins were extracted from treated and untreated cells with lysis
buffer containing 20 mmol/L Tris (pH 7.5), 1 mmol/L EDTA,
150 mmol/L NaCl, 1% Triton X-100, leupeptin, sodium pyro-
phosphate, EDTA, leupeptin, B-glycerophoshpate, NazVO,,
phenylmethylsulfphonylfluoride (PMSF), and complete protease
inhibitor cocktail (Sigma), followed by incubation at 4°C for 1 h.
The lysates were ultra-sonicated and centrifuged at 12,000 xg for
10 min. Protein concentrations were determined by BCA meth-
ods. The proteins were separated on 10% polyacrylamide-SDS gel
and electro-blotted onto polyvinylidene difluoride (PVDF) mem-
brane. After blocking with TBS/5% skim milk, the membrane was
incubated overnight at 4°C with primary antibodies, followed by
incubation with HRP-conjugated secondary antibodies. As a
loading control, the blots were stripped and re-probed with anti-f3-
actin antibody.

Co-immunoprecipitation

The cells were lysed with IP lysis buffer containing 20 mmol/L
Tris (pH 7.5), 150 mmol/L NaCl, 1% Triton X-100, sodium
pyrophosphate, B-glycerophosphate, EDTA, NasVO,, and leu-
peptin, followed by centrifugation. Total lysate (0.5 mg) was
incubated with 2 g anti-c-Jun antibody overnight at 4°C. The
lysate incubated with normal rabbit IgG served as a negative
control. Protein A agarose (40 L) was added into the mixture and
incubated with agitation for an additional 4 h at 4°C. The beads
were washed thrice with cell lysis buffer for 10 min each time. The
precipitants were dissolved with the SDS loading buffer for the
analysis of HIF-1a and c-Jun protein by Western blotting.

Cell immunofluorescence

The cells (2x10°%) were seeded onto coverslips in 6-well plates.
12 h later, the cells were rinsed with PBS, fixed with immuno-
staining fix solution overnight at 4°C, and permeabilized with
0.2% Triton X-100 in PBS for 10 min. Next, the cells were
washed with PBS and 3% bovine serum albumin (blocking
reagent) for 1 h. Afterwards, the cells were sequentially incubated
with diluted primary antibodies (1:1000) for 1 h, washed thrice
with wash buffer, and incubated with fluorescent secondary
antibodies for 1 h in the dark. Finally, the coverslips were washed
with wash buffer for analysis under confocal microscope.

RNA isolation and quantitative real-time PCR (qRT-PCR)
The method was as described previously [26]. Briefly, total
RNA was extracted by homogenization in 1 mL TRIZOL
Reagent (Invitrogen), followed by chloroform extraction and
1sopropanol precipitation. The analysis of HIF-1o, VEGF, and IL-
8 mRNA relative levels was performed using One Step SYBR
PrimeScript RT-PCR (TaKaRa, China) according to the manu-
facturer’s instructions. A 50 ng sample of total RNA from A549 or
NCI-H460 cells was used. The primers used were as follows: for
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human HIF-lo: forward 5-TCTGGGTTGAAACTCAAG-
CAACTG-3" and reverse 5'-CAACCGGTTTAAGGACA-
CATTCTG-3" [Genbank: NM_001243084.1]; VEGF: for-
ward5'-TCTACCTCCACCATGCCAAGT-3" and reverse 5'-
GATGATTCTGCCCTCCTCCTT-3' [Genbank:
NM_001025366.2]; IL-8: forward 5'-TTGCCAAGGAGTGC-
TAAAGAA-3' and reverse 5'-GCCCTC
TTCAAAAACTTCTCC-3" [Genbank: NM_000584.3]; B-actin:
forward 5'-TCAAGATCATTGCTCCTCCTG-3" and reverse
5-CTGCTTGCTGATCCACATCTG-3’ [Genbank:
NM_001017992.3]. All the primers were synthesized by TaKaRa
Biotechnology (Dalian,) Co., LTD (Dalian, China). The thermo-
cycling conditions were as follows: 42°C for 5 min, 95°C for 10 s,
followed by 40 cycles at 95°Ci for 5 s, and 60°C for 31s. The
relative HIF-1a, VEGF, and IL-8 mRINA levels were normalized
to B-actin. The experiment was repeated in triplicate.

ELISA

The concentration of VEGF and IL-8 in the conditioned media
derived from treated and untreated cells was measured using
ELISA reagent kits (Wuhan Boster Bio-engineering limited
company, Wuhan, China) according to the manufacturer’s
instructions. The experiment was repeated in triplicate.

In vitro angiogenesis assay

An in vitro angiogenesis assay kit was employed according to
the manufacturer’s instructions (Millipore). 96-well plates were
coated with 50 UL of cold liquid ECMatrix each well and
incubated at 37°C for 1 h to promote solidification. Afterwards,
HUVECs were seeded at a density of 5x10% cells/well into 96-well
plates pre-coated with polymerized ECMatrix and incubated with
conditioned media at 37°C for 6 to 8 h. The tubule formation was
observed under a phase-contrast microscope, and the total tubule
length in 3 random view-fields per well was measured by Scion
image software and average value was calculated. The experiment
was repeated in triplicate.

Statistical analysis

For all experiments, data were presented as mean = SD for
three separate experiments. ANOVA and LSD-test were em-
ployed for statistical analysis using SPSS version 19.0. P<<0.05 was
considered to be statistically significant.

Results

HPV-16 E6 and E7 oncoproteins promoted the activation
of PI3K/Akt/mTOR signaling pathway

We previously established stable-transtected NSCLC: cell lines
(A549 and NCI-H460) using enhanced green fluorescent protein
(EGFP) plasmid vectors harboring HPV-16 E6 or E7 gene, and
the expression of HPV-16 E6 or E7 oncoprotein in the stable-
transfected cells was confirmed [34]. HIF-1a protein and mRNA
expression levels were analyzed in the stable-transfected A549
cells. Our results showed that HIF-1a protein levels were up-
regulated by HPV-16 oncoproteins but HIF-1oo mRNA levels had
no significant difference (Figure 1A, B), which was the same as our
previous results using transient transfection method [33]. PI3K/
Akt/mTOR signaling pathway plays an important role in the
development of NSCLC [31]. Moreover, our previous study has
demonstrated that HPV-16 oncoproteins promoted the activation
of PI3K/Akt in cervical cancer cells [33]. To investigate the effect
of HPV-16 oncoproteins on PI3K/Akt/mTOR activation in
NSCLC cells, we determined the phosphorylated levels of Akt,
P70S6K, P85S6K, and mTOR in stable-transfected A549 cells.
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Our results showed that over-expression of HPV-16 E6 and E7
oncoproteins enhanced the phosphorylated levels of Akt, P70S6K,
P85S6K, and mTOR in A549 NSCLC cells (Figure 1C). Similar
results were found in another NSCLC cell line NCI-H460
(Figure 1D). These results indicated that HPV-16 oncoproteins
activated PI3K/Akt/mTOR signaling pathway in NSCLC cells.

PI3K/Akt signaling pathway was involved in HPV-16 E6-
and E7-induced HIF-1a, VEGF, and IL-8 expression and
in vitro angiogenesis

The inhibition of PI3K activity has been reported to block HIF-
low activation and estrogen receptor recruitment to the VEGF
promoter [36,37]. Therefore, we further analyzed whether PI3K/
Akt signaling pathway is involved in the expression of HIF-1a
induced by HPV-16 oncoproteins in NSCLC: cells. As shown in
Figure 2 and 3, the pretreatment with different concentrations of
LY294002, a specific PI3K inhibitor, significantly inhibited
HPV16 E6- (Figure 2) and E7- (Figure 3) induced HIF-1a protein
expression in both A549 and NCI-H460 cells (Figure 2A, 3A).
Our previous study has shown that the expression of VEGF and
IL-8 induced by HPV-16 oncoproteins in NSCLC: cells is HIF-1o-
dependent [26]. In this study, we further explored the role of
PI3K/Akt signaling pathway in the expression of VEGF and IL-8
induced by HPV-16 E6 and E7 oncoproteins in NSCLC cells. Our
results showed that the pretreatment with L.Y294002 remarkably
inhibited HPV-16 oncoprotein-induced VEGF and IL-8 protein
secretion (P<<0.05, Figure 2B and 3B) and mRNA expression (P<
0.05, Figure 2C and 3C) in both A549 and NCI-H460 cells. These
findings suggested that PI3K/Akt signaling pathway was involved
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in HPV-16 E6- and E7-induced HIF-la, VEGF, and IL-8
expression.

HIF-1o, VEGF, and IL-8 are important angiogenic factors. To
deeply analyze the role of PI3K/Akt signaling pathway in
angiogenesis, an n vilro angiogenesis model was employed to
evaluate the capillary tube formation of HUVECs stimulated by
the conditioned media derived from stable-transfected A549 cells.
Our results showed that LY294002 significantly blocked HPV-16
oncoprotein-stimulated formation of capillary tube-like structures
(P<<0.05, Figure 2D and 3D), indicating that PI3K/Akt signaling
pathway was involved in angiogenesis in vitro induced by HPV-16
oncoproteins.

HPV-16 oncoproteins promoted HIF-1a protein stability
via blocking 26S proteasome degradation pathway

Our results showed that HPV-16 E6 and E7 oncoproteins
enhanced HIF-1o protein accumulation but had no effect on HIF-
loo. mRNA expression in A549 cells (Figure 1A and B). Our
previous studies have demonstrated that HIF-1a protein accumu-
lation induced by hypoxia or IGF-1 was through enhancing HIF-
la protein stability [28-30]. To analyze the effect of HPV-16
oncoproteins on HIF-1a protein stability, we used cycloheximide
(CHX) to prevent further synthesis of HIF-1o protein in A549 and
NCI-H460 cells. We found that HPV-16 E6 and E7 oncoproteins
obviously inhibited HIF-1a protein degradation as compared with
empty vector or mutant controls in A549 and NCI-H460 cells
(Figure 4A and B), suggesting that HPV-16 E6 and E7 oncopro-
teins enhanced HPV-16 oncoprotein-induced HIF-loat protein
expression possibly by inhibiting its degradation. To further
explore whether HPV-16 oncoproteins inhibited HIF-1ot degra-
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Figure 1. Effects of HPV-16 oncoproteins on HIF-1a expression and PI3K/Akt/mTOR signaling pathway activation in NSCLC cells. (A)
Western blot analysis of HIF-1o protein levels in stable-transfected A549 cells. (B) Real-time PCR analysis of HIF-1o. mRNA levels in stable-transfected
A549 cells. (C and D) Western blot analysis of p-Akt, p-P70S6K, p-P85S6K, and p-mTOR protein levels in transfected A549 (C) and NCI-H460 (D) cells.

doi:10.1371/journal.pone.0103440.g001
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Figure 2. Effect of LY294002 on HPV-16 E6-induced HIF-10, VEGF, and IL-8 expression and in vitro angiogenesis in NSCLC cells. HPV-
16 E6-transfected NSCLC cells were pretreated for 24 h with different concentrations of LY294002. (A) HIF-1o. and p-Akt protein levels in transfected
NSCLC cells (Left: A549, Right: NCI-H460) were analyzed by Western blotting. (B) VEGF and IL-8 protein concentration in the conditioned media
derived from transfected A549 cells was determined by ELISA. (C) VEGF and IL-8 mRNA levels in transfected A549 cells were determined by real-time
PCR. (D) HUVECs (5x10°cells/well) were seeded onto the surface of 96-well cell culture plates pre-coated with polymerized ECMatrix and then
incubated at 37°C for 6 to 8 h in the conditioned media derived from HPV-16 E6-transfected A549 cells in the absence or presence of LY294002. Left:
The tube formation was observed under a phase-contrast microscope (20 x). Right: The total tube length in three random view-fields per well was by
Scion image software measured and average value was calculated. All data are expressed as mean = SD of three independent experiments. *P<<0.05,

**p<0.01.
doi:10.1371/journal.pone.0103440.g002

dation is through interfering with 26S proteasome degradation
pathway, A549 and NCI-H460 cells were treated with MG132, a
potent and specific 26S proteasome inhibitor. Our results showed
that HPV-16 E6 and E7 oncoproteins decreased ubiquitinated
HIF-1o levels in both A549 and NCI-H460 cells (Figure 4C),
suggesting that HPV-16 oncoproteins promoted HIF-1a stability
may be via blocking 26S proteasome degradation pathway. To
deeply study the effect of HPV-16 oncoproteins on ubiquitination,
we analyzed the protein expression of von Hippel-Lindau (VHL),
an important component of the E3 ubiquitin ligase complex. Our
results showed that HPV-16 E7 oncoprotein partly inhibited VHL
protein expression as compared with empty vector or HPV-16 E7
mutant, but E6 oncoprotein had no obvious effect on VHL protein
expression (Figure 4D).

c-Jun was involved in HPV-16 oncoprotein-induced HIF-

10, VEGF, and IL-8 expression and in vitro angiogenesis

Previous studies have suggested that phosphorylated c-Jun (p-c-
Jun) may be associated with HIF-1at degradation and accumula-
tion [35]. To validate the role of p-c-Jun in HIF-1o degradation
inhibited by HPV-16 oncoproteins in NSCLC cells, we analyzed
p-c-Jun and its upstream protein JNK expression using Western
blotting. The data confirmed that HPV-16 oncoproteins, espe-
cially E7 oncoprotein, enhanced p-c-Jun and p-JNK protein
expression in A549 and NCI-H460 cells (Figure 5A), suggesting
that JNK/c-Jun signaling pathway could be activated by HPV-16
oncoproteins. To further explore whether JNK/c-Jun signaling
pathway is involved in HIF-la protein accumulation induced by
HPV-16 oncoproteins, two types of NSCLC cell lines were
pretreated with SP600125, a specific JNK inhibitor, and HIF-1a
protein expression was detected by Western blotting. The results
showed that SP600125 down-regulated p-c-Jun protein levels, but
HIF-1o protein levels had no significant changes when p-c-Jun
was inhibited (Figure 5B). We also determined VEGF and IL-8
concentration in the conditional media derived from the cells
pretreated with SP600125. We also found that SP600125 had no
obvious effect on VEGF and IL-8 protein secretion induced by
HPV-16 oncoproteins (Figure 5C). These results suggested that
HIF-loo expression and HIF-lo-mediated VEGF and IL-8
expression were JNK-independent. To explore whether c-Jun
makes a contribution to HPV-16 oncoprotein-induced HIF-1a,
VEGF, and IL-8 expression, HPV-16-transfected NSCLC cells
were co-transfected with c-Jun siRNA (Si-1 or Si-2). As shown in
Figure 5D, HPV-16 oncoprotein-induced HIF-1a protein expres-
sion was down-regulated when c-Jun was inhibited by c-Jun
siRNA. Expectantly, HPV-16 oncoprotein-induced VEGF and IL-
8 protein secretion in NSCLC cells was also decreased in response
to c-Jun knockdown (Figure 5E). Accordingly, we further found
that c;Jun siRNAs (Si-1 and Si-2) dramatically inhibited angio-
genesis i vilro stimulated by over-expression of HPV-16 E6 and
E7 oncoproteins in A549 cells (Figure 6).
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HPV-16 oncoproteins promoted HIF-1a protein stability
possibly through enhancing the interaction between c-
Jun and HIF-1a

To analyze the role of c-Jun in the stability of HIF-la protein
enhanced by HPV-16 oncoproteins, HPV-16-transfected NSCLC
cells were co-transfected with c-Jun siRNA (Si-1 or Si-2) or
nonspecific (NS)-siRNA, followed by treatment with 10 pg/mL
CHX. Our results showed that the increased HIF-lo protein
stability induced by HPV-16 oncoprotein was abrogated by c-Jun
siRNA (Si-1 or Si-2) co-transfection, but not by NS-siRNA co-
transfection (Figure 7A, B), indicating that HPV-16 oncoproteins
enhanced HIF-lat protein stability in NSCLC cells was c-Jun-
dependent. To further examine whether the role of c-Jun is via
interfering with 26S proteasome-dependent degradation pathway,
HPV-16-transfected NSCLC cells were co-transfected with c-Jun
siRNA (Si-1 or Si-2) or NS-siRNA, followed by treatment with
MG132. As shown in Figure 7C, the ubiquitination of HIF-lo
protein was increased in HPV-16- and c-Jun siRINA-co-transfected
cells as compared with controls. Taken together, these findings
suggested that c-Jun may play an important role in the
enhancement of HIF-la protein stability induced by HPV-16
oncoproteins via blocking 26S proteasome-dependent degradation
pathway in NSCLC cells.

Previous studies have demonstrated that c-Jun can interact with
HIF-1o via oxygen-dependent degradation (ODD) domain, thus
preventing HIF-la from 26S proteasome-dependent degradation
[35]. According to our results and previous studies, we hypothesize
that HPV-16 oncoproteins inhibit HIF-10a. protein degradation via
enhancing the interaction between HIF-1a and c-Jun. To verify
the hypothesis, co-immunoprecipitation was performed to deter-
mine the quantity of c-Jun binding to HIF-la. As shown in
Figure 7D, HPV-16 E6 and E7 oncoproteins obviously increased
the quantity of c-Jun-HIF-1a complex in A549 cells. Furthermore,
the results from cell immunofluorescence showed that c-Jun and
HIF-1ow proteins were co-localized in the nuclei (Figure 7E).
Therefore, our results confirmed the hypothesis.

Discussion

Accumulating evidence has demonstrated that HPV-16 onco-
proteins can promote angiogenesis by up-regulating the expression
of a variety of pro-angiogenic factors including fibroblast growth
factor binding protein, basic fibroblast growth factor, transforming
growth factor-B, tumor necrosis factor-o, angiopoietin-1, hepato-
cyte growth factor, and placental growth factor in cervical cancer
cells [33,38-40]. Our previous studies have also found that HPV-
16 E6 and E7 oncoproteins enhanced angiogenesis by up-
regulating HIF-1a protein accumulation and HIF-la-dependent
VEGF and IL-8 expression in NSCLC cells [26], but the
underlying mechanisms are not known. An increasing body of
evidence has demonstrated that multiple signaling pathways
including PI3K/Akt and JNK/c-Jun are involved in the up-
regulation of HIF-1a, VEGF, and IL-8 expression stimulated by
different factors [27-30]. In this study, we first demonstrated that
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Figure 3. Effect of LY294002 on HPV-16 E7-induced HIF-10, VEGF, and IL-8 expression and in vitro angiogenesis in NSCLC cells. HPV-
16 E7-transfected NSCLC cells were pretreated for 24 h with different concentrations of LY294002. (A) HIF-1o. and p-Akt protein levels in transfected
NSCLC cells (Left: A549, Right: NCI-H460) were analyzed by Western blotting. (B) VEGF and IL-8 protein concentration in the conditioned media
derived from transfected A549 cells was determined by ELISA. (C) VEGF and IL-8 mRNA levels in transfected A549 cells were determined by real-time
PCR. (D) Results in vitro angiogenesis (A549 cells). HUVECs (5x10°cells/well) were seeded onto the surface of 96-well cell culture plates pre-coated
with polymerized ECMatrix and then incubated at 37°C for 6 to 8 h in the conditioned media derived from HPV-16 E7-transfected A549 cells in the
absence or presence of LY294002. Left: The tube formation was observed under a phase-contrast microscope (20 x). Right: The total tube length in 3
random view-fields per well was by Scion image software measured and average value was calculated. All data are expressed as mean = SD of three
independent experiments. *P<<0.05, **P<<0.01.

doi:10.1371/journal.pone.0103440.9g003

the roles of PI3K/Akt and c-Jun in the expression of HIF-1a, HPV-16 E6 and E7 induced HIF-1a protein accumulation and
VEGF, and IL-8 stimulated by HPV-16 oncoproteins in NSCLC VEGF expression via PI3K/Akt signaling pathway in human
cells. cervical cancer cells [33]. In the present study, we also detect the

PI3K/Akt signaling pathway is well known to play a key role in effect of HPV-16 E6 and E7 oncoproteins on the activation of
regulating angiogenesis in various cancers including NSCLC PISK/Akt signaling pathway in NSCLC cells. We found that
[31,41,42]. Especially, our previous study has demonstrated that HPV-16 E6 and E7 oncoproteins activated PI3SK/Akt signaling
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Figure 4. Stability of HIF-1a protein in HPV-16 E6 or E7-transfected NSCLC cells. (A) HPV-16 E6- or E7-transfected NSCLC cells (Left: A549,
Right: NCI-H460) were treated with 10 ug/mL of cycloheximide (CHX) for different time periods. HIF-1a protein levels were determined by Western
blotting. (B) Quantitative densitometric analysis of results from A. (C) HPV-16 E6- or E7-transfected NSCLC cells (Left: A549, Right: NCI-H460) were
treated with 20 umol/L of MG-132 for 6 h. Western blotting was performed to determine HIF-1a protein levels. (D) VHL protein levels in transfected
NSCLC cells (Left: A549, Right: NCI-H460) were analyzed by Western blotting. Data presented are representative of results from three independent
experiments.
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doi:10.1371/journal.pone.0103440.g005

pathway in two types of NSCLC cell lines, A549 and NCI-H460
cells. Moreover, the expression of HIF-1o, VEGF, and IL-8 and
angiogenesis in vitro were inhibited by L.Y294002, a specific PI3K
inhibitor. Taken together, our results suggest that PISK/Akt
signaling pathway may be involved in the expression of HIF-1a,
VEGF, and IL-8 induced by HPV-16 E6 and E7 oncoproteins in
NSCLC cells, leading to angiogenesis in vitro. However, our
results from Western blotting showed that the highest dose of
LY294002 reversed HIF-lao protein expression, but VEGF
expression was not consistent with the data of western blotting,
which could reflect the possibility that PISK/Akt signaling
pathway may be not fully responsible for the expression of HIF-
la, VEGF, and IL-8.

mTOR, the downstream effector of Akt, assembles into two
complexes with distinct inputs and downstream effects: mTOR

PLOS ONE | www.plosone.org 9

complex 1 (MTORCI) and mTORC2. Akt activity can lead to the
activation of mTORC1, an important regulator of cellular growth
and protein synthesis [42]. Under favorable growth conditions,
activated mTOR regulates the phosphorylation of its downstream
targets, elF4E-binding protein 1 (4E-BP1) and S6 kinase (S6K),
resulting in protein translation initiation and elongation. Interest-
ingly, in this study, we found that over-expression of HPV-16 E6
and E7 oncoproteins activated mTOR, P70S6K, and P85S6K in
NSCLC cells. Therefore, whether mTOR signaling pathway
mediated HPV-16 oncoprotein-induced HIF-1o, VEGF, and IL-8
expression in NSCLC: cells is worthy of further investigation.
HIF-10, an upstream regulator of VEGF, triggers angiogenesis
through VEGF in various types of cancer. HIF-1o expression is
highly regulated by oxygen concentration. Under normoxic
conditions, HIF-loat is hydroxylated in its oxygen-dependent
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degradation domain by propyl hydroxylases (PHD) [43]. After-
wards, hydroxylated HIF-1a is recognized by a protein complex
combining with VHL, leading to poly-ubiquitination and degra-
dation. Under hypoxic conditions, HIF-let is unable to be
hydroxylated by PHD, allowing it to escape from ubiquitination
and degradation. Besides hypoxia, other non-hypoxic factors can
also be found to up-regulate HIF-1a protein levels [28-30,33]. In
our previous and present studies, we found that over-expression of
HPV-16 E6 and E7 oncoproteins up-regulated HIF-1o protein
expression both in transiently [26] and stably transfected NSCLC
cells (Figure 1A). HPV-16 E6 and E7 oncoproteins seem to create
the same “protein microenvironment” like hypoxic conditions to
up-regulate HIF-lo protein levels. However, our previous and
present results showed that over-expression of HPV-16 E6 and E7
had no effect on HIF-1ao mRNA expression in NSCLC cells [26],
indicating that HPV-16 oncoproteins enhanced HIF-1o protein
accumulation via a post-transcriptional mechanism, e.g. affecting
HIF-lo protein stability. As expected, in this study, our results
showed that HPV-16 E6 and E7 oncoproteins significantly
suppressed HIF-low protein degradation in NSCLC cells (Fig-
ure 4A, B). Moreover, we further found that HPV-16 E6 and E7
oncoproteins decreased ubiquitinated HIF-1at levels in NSCLC
cells (Figure 4C), suggesting that HPV-16 oncoproteins inhibited
HIF-1o degradation is possibly, at least in part, through interfering

PLOS ONE | www.plosone.org
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with 26S proteasome degradation pathway, thus triggering HIF-
low protein accumulation in NSCLC cells. VHL, the substrate
recognition subunit of an E3 ligase, is well known to contribute to
HIF-1o degradation. However, in this study, we found that over-
expression of HPV-16 oncoproteins, especially E6, had no obvious
effect on VHL protein expression, indicating that HPV-16 L6
oncoprotein inhibited HIF-1o degradation vic VHL-independent
pathways and the other underlying mechanisms possibly contrib-
ute to HIF-lao protein stability mediated by HPV-16 L6
oncoprotein in NSCLC cells.

c-Jun and its upstream protein JNK have long been considered
to be associated with angiogenesis. When c-Jun was suppressed in
human endothelial cells, the cells no longer form new blood vessels
in vitro or in vivo [44]. Additionally, c-Jun is an essential for high
production of VEGF under hypoxic conditions, and the involve-
ment of c-Jun can enhance VEGF transcription [45,46]. Our
results showed that when c-Jun was inhibited by its specific siRNA,
the increase of HIF-la, VEGF, and IL-8 protein expression
(Figure 5D and E) induced by HPV-16 oncoproteins in NSCLC
cells was also blocked (Figure 5D and E), suggesting that HIF-1a,
VEGF, and IL-8 protein expression induced by HPV-16
oncoproteins was c-Jun-dependent. Furthermore, we also found
the knockdown of c-Jun remarkably inhibited HPV-16 E6 and E7
oncoprotein-stimulated angiogenesis i vitro in A549 cells (Fig-
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ure 6). These data indicated that c-Jun-mediated pathway may be,
at least in part, involved in HPV-16 oncoprotein-induced HIF-1a,
VEGF, and IL-8 expression in NSCLC cells, thus leading to
angiogenesis in Vitro.

Generally, the phosphorylation of c-Jun at serine®™/” activates
c-Jun-dependent transcription. Moreover, previous reports have
demonstrated that phosphorylated c-Jun (p-c-Jun) binds to the
VEGT promoter and regulates VEGF transcription directly [47].
Our results showed that the levels of p-c-Jun and its upstream p-
JNK protein in NSCLC cells were up-regulated by HPV-16
oncoproteins, especially E7 (Figure 5A). However, the decease of
p-c-Jun levels by SP600125, a specific JNK inhibitor, had no
obvious effects on HIF-loo protein expression in HPV-16-
transfected NSCLC cells (Figure 5B and C), suggesting HIF-1o
protein accumulation induced by HPV-16 oncoproteins was JNK/
c-Jun-independent in NSCLC cells. To explore whether c-Jun can

PLOS ONE | www.plosone.org
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mediate HPV-16 oncoprotein-induced HIF-1a protein accumula-
tion in NSCLC cells via other pathways, the effect of c-Jun on
HIF-1a protein stability was analyzed. Our results showed that c-
Jun enhanced HIF-1a protein stability by inhibiting its degrada-
tion through 26S proteasome-dependent ubiquitination pathway
(Figure 7A—C). Regularly, the reduction of VHL protein levels can
decrease HIF-1a ubiquitination. However, our results showed that
VHL protein levels had no significant changes in HPV-16 LE6-
transfected cells. Previous studies have demonstrated that c-Jun
can interact with HIF-1a through ODD domain, thus preventing
HIF-loo from 26S proteasome-dependent degradation [35].
Therefore, according to previous reports and our results, it can
be hypothesized that HPV-16 oncoproteins may create a sort of
“protein microenvironment” that can promote the combination
between c-Jun and HIF-lo proteins and block the combination
between VHL and HIF-loo ODD domain, leading to the
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inhibition of HIF-1a protein degradation. Interestingly, our results
from co-immunoprecipitation and cell immunofluorescence veri-
fied this hypothesis. Our results showed that HPV-16 E6 and E7
oncoproteins obviously increased the quantity of c-Jun-HIF-1o
complex in A549 cells (Figure 7D). Furthermore, c-Jun and HIF-
low proteins were co-localized in the nuclei (Figure 7E). Taken
together, our findings suggest that HPV-16 E6 and E7 oncopro-
teins may inhibit HIF-1ow protein degradation via enhancing the
interaction between HIF-1at and c-Jun, thus contributing to HIF-
lo-mediated angiogenesis in NSCLC.

In this study, we did not make further research on the
relationships between PI3K/Akt and c-Jun signaling pathways.
Different signaling pathways have a complex cross-talk network in
cells. It may be a coordination between PISK/Akt signaling
pathway and c-Jun, along with other signaling pathways, thus
making a contribution to HPV-16 oncoprotein-induced angiogen-
esis in NSCLC, which needs to be further studied.

Conclusions

In this study, we demonstrated to our knowledge for the first
time that PI3K/Akt signaling pathway and c-Jun are involved in
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