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Exosomal epidermal growth factor receptor is involved in HPV-16 E7-induced 
epithelial-mesenchymal transition of non-small cell lung cancer cells: A driver of 
signaling in vivo
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ABSTRACT
Our previous studies have demonstrated that human papillomavirus (HPV)-16 E7 oncoprotein promoted 
epithelial-mesenchymal transition (EMT) in non-small cell lung cancer (NSCLC) cells. Moreover, recent 
studies have found that exosomes can mediate EMT of NSCLC cells and epidermal growth factor receptor 
(EGFR) is related to the progression of NSCLC. Here, we further investigated the role of exosomal EGFR in 
HPV-16 E7-induced EMT of NSCLC cells. Our results showed that the exosomes derived from the stable 
HPV-16 E7-overexpressing A549 and NCI-H460 NSCLC cells (E7 Exo) significantly increased migration, 
invasion, and proliferation abilities of NSCLC cells as compared with the exosomes derived from empty 
vector-infected NSCLC cells (ev Exo). Moreover, both in vitro and in vivo results demonstrated that E7 Exo 
dramatically enhanced EMT of NSCLC cells and promoted the growth of subcutaneous NSCLC xenografts. 
Additionally, HPV-16 E7 enhanced the expression of EGFR and p-EGFR in both NSCLC cells and exosomes. 
Furthermore, the inhibition of EGFR activation or exosome secretion suppressed E7 Exo-induced migra-
tion, invasion, and EMT of NSCLC. Moreover, 12 kinds of differentially expressed miRNAs between E7 Exo 
and ev Exo (fold change≥2, P ≤ .05) were screened out, of which 7 miRNAs were up-regulated while 5 
miRNAs were down-regulated in A549 E7 Exo. Taken together, our findings suggest that exosomal EGFR is 
involved in HPV-16 E7-induced EMT of NSCLC cells, which may play a key role in the progression of HPV- 
related NSCLC.
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Introduction

Lung cancer is the most common cancer with the highest rate 
of cancer-related deaths in both male and female populations, 
and has a relatively low 5-year survival rate.1,2 Smoking is the 
first cause of lung cancer,2 but nonsmokers account for a large 
proportion in the patients with lung cancer.3 In addition to 
smoking, air pollution, environmental exposure, genetics, and 
human papillomavirus (HPV) infection are also considered to 
be related to lung cancer.4

HPV infection is recognized as the main cause of cervical 
cancer in women. Recently, more and more studies also have 
shown that high-risk HPV infection may be associated with the 
occurrence and development of lung cancer.5–9 The multiple 
reports demonstrated that the positive rates of high-risk HPV 
DNA and oncoproteins (E6 and E7) in lung cancer were much 
higher than those in control tissues,5–8 and HPV-16 was found 
to be the most prevalent genotype in lung cancer tissues.5–7 

Moreover, de Oliveira et al. demonstrated that the frequencies 
of HPV presence in non-small cell lung cancer (NSCLC) 
accounted for 81.82%.7 These reports indicate that HPV-16 
may play an important role in the progression of lung cancer, 

especially in the progression of NSCLC. However, the under-
lying molecular mechanisms by which HPV-16 mediates the 
progression of NSCLC remain to be further systematically 
explored.

Exosomes, the extracellular vesicles with a diameter of 
30 ~ 150 nm secreted by a variety of living cells, are the 
important bridges for cell-to-cell communication.10 

Exosomes with the multiple compositions including proteins, 
lipids, mRNAs, microRNAs (miRNAs) et al play a crucial role 
in the progression of lung cancer and are regarded as the most 
promising biomarkers for early diagnosis, prognosis, and treat-
ment of lung cancer.11–13 Accumulating evidence demonstrates 
that exosomes are of great significance in invasion,14 

metastasis,15 and drug resistance of NSCLC.16–18 Especially, it 
has been found that exosomes also play a key role in epithelial- 
mesenchymal transition (EMT) of NSCLC cells.14,18,19 EMT, 
a process in which epithelial cells acquire mesenchymal 
characteristics,20 is involved in the progression of cancer 
including NSCLC.20,21 Moreover, a growing body of evidence 
demonstrates that EMT can promote the progression of 
NSCLC by mediating invasion,22 metastasis,22 and 
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chemotherapy resistance.23–25 Interestingly, our previous stu-
dies have found that HPV-16 E7 oncoprotein enhanced EMT 
of NSCLC cells.26–28 However, whether exosomes are involved 
in EMT induced by HPV-16 E7 in NSCLC cells remains 
unclear.

Epidermal growth factor receptor (EGFR), a typical tyro-
sine kinase receptor, was highly expressed in over 60% of 
NSCLC patients and considered as an important target for 
the therapy of NSCLC.29 EGFR mutants were frequently 
found in NSCLC patients, triggering the resistance/insensitiv-
ity to epidermal growth factor receptor-tyrosine kinase inhi-
bitors (EGFR-TKIs).30–32 Moreover, EMT was reported to 
mediate acquired EGFR-TKI resistance in NSCLC.23,33 

Recently, exosomes secreted by lung cancer cells were found 
to inhibit immune checkpoint inhibitors by delivering EGFR 
into dendritic cells34 and exosomes were demonstrated to 
transmit T790M mutation-induced resistance in EGFR- 
mutant NSCLC via the activation of the PI3K/Akt signaling 
pathway.35 These reported indicated that exosomal EGFR 
may play a key role in the progression of lung cancer. In 
addition, among the 498 Asian NSCLC patients, the rate of 
EGFR mutation was found to be higher in HPV-positive 
patients than HPV-negative patients (52%:31%).36 

Therefore, the role of exosomal EGFR in the progression of 
HPV infection-related NSCLC is worthy of further 
exploration.

In this study, we found for the first time, to the best of our 
knowledge, that exosomal EGFR is involved in HPV-16 E7- 
induced migration, invasion and EMT of NSCLC cells, indicat-
ing that exosomal EGFR may play a key role in the progression 
of HPV-16-related NSCLC.

Materials and methods

Reagents

Rat anti-human E-cadherin was purchased from Millipore 
(MA, USA). Rabbit anti-human N-cadherin, Vimentin, 
Snail1, Slug, Twist1, and β-actin monoclonal antibodies, and 
horseradish peroxidase (HRP)-conjugated secondary antibo-
dies were from Cell Signaling Technology Inc. (Beverly, MA, 
USA). GW4869, an inhibitor of exosome release, and PKH26 
were purchased from Sigma (St. Louis, MO, USA). PD168393, 
an irreversible EGFR inhibitor, was purchased from Beyotime 
Biotechnology Co. Ltd (Shanghai, China).

Cell lines and cell culture

The human NSCLC cell lines, A549 and NCI-H460, were 
respectively from American Type Culture Collection 
(Rockville, MD, USA) and Chinese Academy of Sciences Cell 
Bank of Type Culture Collection (Shanghai, China). The stable 
HPV-16 E7-overexpressing and empty vector-infected NSCLC 
cell lines (A549 and NCI-H460) were constructed by our 
laboratory.26 All NSCLC cells were cultured in RPMI-1640 
media containing 10% fetal bovine serum (FBS), penicillin 
(100 U/mL), and streptomycin (100 μg/mL) at 37°C in a humi-
dified condition with 5% CO2.

Isolation of exosomes

Ultracentrifugation was used to isolate exosomes derived from 
the stable HPV-16 E7-overexpressing A549 and NCI-H460 
NSCLC cells (E7 Exo) and empty vector-infected A549 and 
NCI-H460 NSCLC cells (ev Exo). All NSCLC cells were cul-
tured in media with 10% exosome-free FBS. 48 h later, cell 
culture media were collected, and exosomes were isolated from 
the supernatant by consecutive centrifugation (300 g for 
10 min, 2000 g for 30 min, and 12000 g for 30 min) at 4°C to 
remove the floating cells and cellular debris. Then, the super-
natant was centrifuged at 120000 g for 90 min at 4°C. After 
centrifugation, the supernatant was discarded and the pellet 
was washed with PBS. The ultracentrifugation and wash were 
repeated one time again. The exosomes were collected at a ratio 
of 10 μL of PBS buffer per 10 mL of cell supernatant. After 
extraction, the exosomes were directly added into 6-well plates 
for co-culture or stored at −80°C for a short-term storage (no 
more than 1 week).

Transmission electron microscopy

10 μL of exosomes were put on the carbon-coated copper grid 
for 2 min and stained by 10 μL of 2% uranyl acetate for 2 min. 
After absorbing excess dye solution with dry filter paper, the 
copper meshes with stained exosomes were dried for 30 min at 
room temperature. Then, the dried copper meshes with stained 
exosomes were put under a transmission electron microscope 
(JEM-1400, JEOL, Japan) and the shapes of exosomes were 
observed at a working voltage of 80 KV.

Uptake of exosomes

100 μL of exosomes and 4 μL of PKH26 were respectively 
diluted with 200 μL of diluent (Sigma, St. Louis, MO, USA). 
The two diluted solutions were immediately mixed and incu-
bated for 10 min at room temperature, and then an equal 
volume of serum was added to the mixture to stop the reaction. 
Afterward, the exosomes were re-extracted by centrifugation at 
120000 g for 90 min at 4°C. The exosomes were added to the 
cells in 6-well plates and cultured for 4 h. The nucleus was 
stained by DAPI (Beyotime Biotechnology Co. Ltd., Shanghai, 
China) for 10 min and observed under a fluorescent micro-
scope (Nikon, Tokyo, Japan).

Wound healing assay

5 × 105 cells/well were seeded into 6-well plates and cultured 
into monolayers. Wounds were generated in the cell mono-
layer by scratching with a sterile 10 µL pipette tip. Then, the 
cells in the plates were treated with the exosomes at 30 μg/well 
for 0, 12, 24, and 36 h, respectively, and wound healing was 
observed under a light microscope at different times.

Transwell migration and invasion assays

The assays were performed using 24-well Transwell chambers 
(Corning Costar, Corning, USA) containing 8 μm pore poly-
carbonate membranes with Matrigel (BD Biosciences, San Jose, 
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CA) for invasion assay or without Matrigel for migration assay. 
The cells were starved overnight, and then inoculated into the 
upper chamber without serum. 24 h later, the passed cells were 
fixed with 4% formaldehyde, and then stained with 4% crystal 
violet for 20 min. Under a light microscope, 5 fields were 
randomly selected to calculate the number of the passed cells.

Colony formation assay

300 cells were seeded into 6-well plates and co-cultured with 
different exosomes or PBS (control). After the cells were 
attached to the plates, the exosomes at 30 μg/well were added 
to the medium every 2 days. 12 days later, the colonies in the 
plates were stained with 4% crystal violet for 10 min. The rate 
of clone formation was calculated according to the formula: the 
rate of clone formation (%) = the number of colonies/the 
number of plated cells × 100%.

Co-culture of cells

HPV-16 E7-overexpressing A549 and NCI-H460 NSCLC cells 
were pretreated for 24 h with 10 mmol/L of GW4869 to block 
the release of exosomes or 0.1 mg/L of PD168393 to inhibit the 
activation of EGFR. Afterward, HPV-16 E7-overexpressing 
NSCLC cells pretreated with GW4869 or PD168393 were pla-
ted into the upper chamber of a co-culture system with 0.4 μm 
pores (Corning, USA) at a density of 3 × 105 cells/well, and 
A549 and NCI-H460 NSCLC cells at 2 × 105 cells/well were put 
into the lower chamber. 24 h co-culture later, the cells in the 
lower chamber were collected for further experiments.

Western blot

The cells were lysed on ice for 1 h with lysis buffer (Beyotime 
Biotechnology Corporation, Shanghai, China) supplemented 
with complete protease inhibitor cocktail (Sigma-Aldrich, 
St. Louis, MO, USA), and the supernatant was collected by 
centrifugation at 12000 × g for 10 min. The protein concentra-
tion was determined using BCA Kits according to the manu-
facturer’s instructions (Beyotime, Shanghai, China). The 
electrophoresis was performed on 8 ~ 10% SDS-PAGE gel 
and transferred to the polyvinylidene difluoride membrane. 
The membrane was blocked with 5% nonfat milk, and incu-
bated with specific primary antibody (1:1000) and HRP- 
conjugated secondary antibody (1:2000), respectively. The sig-
nals were visualized using enhanced chemiluminescence. The 
analysis of β-actin protein expression served as an internal 
control.

RT-qPCR

Total RNA was extracted using a total RNA extraction kit 
(Tiangen Biotech Co. Ltd., Beijing, China) according to the 
manufacturer’s instructions. RNA samples were reverse- 
transcribed using a reverse transcription (RT) kit (Takara 
Biotechnology Co. Ltd., Dalian, China) and amplified by 
qPCR on ABI 7500 real-time system using SYBR Premix Ex 
Taq™ II (Takara Biotechnology Co. Ltd., Dalian, China). The 
sequences of the primers were listed in Table 1 and the primers 

were synthesized by Sangon biotech (shanghai) Co., Ltd. All 
relative mRNA levels were normalized to β-actin. The RT 
conditions were as follows: 37°C for 15 min and 85°C for 5 
s. The qPCR conditions were as follows: 42°C for 5 min, 95°C 
for 10s, followed by 40 cycles at 95°C for 5 s and 60°C for 31s.

Screening of the differentially expressed miRNAs

Exosomes derived from HPV-16 E7-overexpressing A549 cells 
(A549 E7 Exo) and empty vector-infected A549 cells (A549 ev 
Exo) were respectively isolated by ultracentrifugation as 
described above, and the differentially expressed miRNAs 
between A549 E7 Exo and A549 ev Exo were screened by high- 
throughput sequencing analysis (Cloud-Seq Biotech Ltd. Co., 
Shanghai, China).

Animal experiments

The 4-week-old BALB/c nude mice were purchased from 
Guangzhou Dien Gene Technology Co., Ltd. (Guangzhou, 
China). All animal experiments were approved by Ethics 
Committee of Guangdong Medical University. NCI-H460 cells 
(2 × 106 cells/100 μL) were respectively injected subcutaneously 
into the two sides of dorsum of nude mice to establish the 
subcutaneous xenograft model. On day 7, when the xenograft 
nude mouse models were successfully established, the nude mice 
were classified into three groups, namely PBS negative control 
group, NCI-H460 ev Exo group, and NCI-H460 E7 Exo group (4 
mice/group). The mice were respectively injected subcuta-
neously with 50 μL of PBS in negative control group, and the 
mice were respectively injected subcutaneously with the exo-
somes derived from empty vector-infected NCI-H460 cells in 
NCI-H460 ev Exo group and the exosomes derived from HPV- 
16 E7-overexpressing NCI-H460 cells in NCI-H460 E7 Exo 
group. The volume of subcutaneous tumors and the weight of 
nude mice were measured every two days. About 15 days, all the 
nude mice were sacrificed, and the subcutaneous tumors were 
taken out, weighed, and fixed in 10% formalin. Then, immuno-
histochemical staining was performed as described 
previously28,37 to analyze the expression of EMT markers includ-
ing N-cadherin, E-cadherin, and vimentin in the tumors.

Statistical analysis

Each experiment was repeated three times. Statistical analysis 
was performed using GraphPad Prism 7.0 software. All data 

Table 1. Sequences of the primers.

Names Sequences (5′→ 3′) GenBank No.

E-cadherin Forwards: GCTGGACCGAGAGAGTTTCC NM_001317184.2
Reverse: CAAAATCCAAGCCCGTGGTG

N-cadherin Forwards: TTATCCTTGTGCTGATGTTTGTG NM_001792.5
Reverse: TCTTCTTCTCCTCCACCTTCTTC

Vimentin Forwards: CGGGAGAAATTGCAGGAGGA NM_003380.5
Reverse: AAGGTCAAGACGTGCCAGAG

EGFR Forwards: TGAGCTCTCTGAGTGCAACC NM_001346897.1
Reverse: CAGACAAGCCACTCACCAGG

β-actin Forwards: TGGCACCCAGCACAATGAA NM_001101.3
Reverse: CTAAGTCATAGTCCGCCTAGAAGCA

CANCER BIOLOGY & THERAPY 3



were expressed as mean ± SD. One-way ANOVA and t-test 
were used to determine the significant differences among the 
groups at P < .05.

Results

Uptake of exosomes derived from stable HPV-16 E7- 
overexpressing NSCLC cells and empty vector-infected 
NSCLC cells

The stable HPV-16 E7-overexpressing NSCLC cells and empty 
vector-infected NSCLC cells were cultured in media with exo-
some-free FBS. The isolated exosomes derived from these cells 
were observed under transmission electron microscope. The 

results showed that the isolated exosomes exhibited typical 
cup-shaped or spherical morphology with double-layer mem-
brane (Figure 1a). Then, Western blot was performed to detect 
the exosome-related protein expression. Our results showed 
that the four transmembrane proteins including CD9 and 
CD81 and the nuclear protein TSG101 were expressed in all 
extracted exosomes, while the endoplasmic reticulum-related 
protein Grp94 was not found in these exosomes (Figure 1b), 
confirming that all extracts are exosomes not membrane struc-
ture or endosome. To further examine whether exosomes were 
taken up by A549 and NCI-H460 cells, the exosomes were 
stained with PKH26 dye and incubated with A549 and NCI- 
H460 cells for 4 h. The results showed that red fluorescence 
spots were found in A549 and NCI-H460 cells (Figure 1c), 

Figure 1. Identification and uptake of exosomes. (a) The images of transmission electron microscope of exosomes derived from the stable HPV-16 E7-overexpressing 
A549 and NCI-H460 cells (E7 Exo) and empty vector A549 and NCI-H460 cells (ev Exo), scale bar = 200 nm. (b) The expression of exosomal markers including CD9, CD81, 
and TSG101 and intracellular protein Grp94 (absence in exosomes) was analyzed by Western blot. (c) The fluorescent results of exosome uptake analysis, scale 
bar = 100 μm.
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indicating that the exosomes derived from the stable HPV-16 
E7-overexpressing NSCLC cells (E7 Exo) and empty vector- 
infected NSCLC cells (ev Exo) can be taken up by A549 and 
NCI-H460 cells.

Exosomes derived from stable HPV-16 E7-overexpressing 
NSCLC cells enhanced migration, invasion, proliferation, 
and EMT of NSCLC cells

Our previous studies demonstrated that HPV-16 E7 enhanced 
migration and invasion of A549 and NCI-H460 cells.26–28 In 
order to investigate the role of exosomes in the migration and 
invasion of NSCLC cells induced by HPV-16 E7 oncoprotein, 
wound healing assay and Transwell assay were performed to 
observe the effect of exosomes on the migration and invasion 
abilities of NSCLC cells. The results showed that the exosomes 
derived from the stable HPV-16 E7-overexpressing A549 and 
NCI-H460 NSCLC cells (E7 Exo) significantly enhanced the 
migration and invasion abilities of NSCLC cells as compared 
with the exosomes derived from empty vector-infected cells (ev 
Exo) (P < .01, Figure 2a,b). Next, we further explored the effect 
of exosomes on the proliferation ability of NSCLC cells. 
Compared with the exosomes derived from empty vector- 
infected A549 cells, the exosomes derived from HPV-16 E7- 
overexpressing A549 cells significantly increased the rate of 
colony formation in A549 cells (Figure 2c).

Our previous studies demonstrated that HPV-16 E7 onco-
protein promoted the EMT of NSCLC cells.26–28 To further 
study the role of exosomes in the EMT of NSCLC cells induced 
by HPV-16 E7 oncoprotein, Western blot was performed to 
detect the expression of EMT-related epithelial marker 
(E-cadherin), mesenchymal markers (Vimentin and 
N-cadherin), and transcription factors (Snail1, Slug, and 
Twist1). Our results showed that the exosomes derived from 
the stable HPV-16 E7-overexpressing A549 and NCI-H460 
NSCLC cells down-regulated the expression of E-cadherin 
while up-regulated the expression of Vimentin, N-cadherin, 
Snail1, and Twist1 (P < .01, Figure 2d), indicating that the 
exosomes derived from the stable HPV-16 E7-overexpressing 
NSCLC cells promoted EMT of NSCLC cells.

Collectively, the above results indicated that exosomes were 
involved in the migration, proliferation, and EMT of NSCLC 
cells induced by HPV-16 E7 oncoprotein.

Exosomes derived from stable HPV-16 E7-overexpressing 
NCI-H460 cells promoted tumor growth and EMT of NSCLC 
in vivo

To further confirm cell experiment results, we established the 
NCI-H460 NSCLC subcutaneous xenograft tumor model and 
observed the effect of the exosomes derived from HPV-16 E7- 
overexpressing NCI-H460 cells on the growth of NSCLC. Our 
results showed that the volume and the weight of the xenograft 
tumors in NCI-H460 E7 Exo group were significantly 
increased as compared with NCI-H460 ev Exo group 
(P < .05, Figure 3a-c). But the weight difference of nude mice 
among all groups was not obvious (Figure 3d). Moreover, 
immunohistochemistry results showed that the expression of 
E-cadherin was down-regulated but the expression of 

N-cadherin and Vimentin was up-regulated in NCI-H460 E7 
Exo group as compared with NCI-H460 ev Exo group (P < .05, 
Figure 3e). Taken together, these results indicated that the 
exosomes derived from HPV-16 E7-overexpressing NCI- 
H460 cells significantly promoted the growth and EMT of 
NSCLC in vivo.

EGFR induced by HPV-16 E7 oncoprotein can be delivered 
to NSCLC cells through exosomes

EGFR, a key carcinogen, is over-expressed in more than 60% of 
NSCLC patients.29 In this study, we demonstrated that HPV-16 
E7 significantly enhanced the expression of EGFR and p-EGFR 
in A549 cells (P < .01, Figure 4a). Moreover, we further found 
that the exosomes derived from HPV-16 E7-overexpressing 
A549 and NCI-H460 cells (E7 Exo) also exhibited stronger 
EGFR expression than the exosomes derived from empty vec-
tor-infected cells (ev Exo) (P < .05, Figure 4b). Next, to deter-
mine whether the delivery of EGFR to A549 and NCI-H460 
cells was dependent on exosomes, the stable HPV-16 E7- 
overexpressing A549 and NCI-H460 cells in the upper trans-
well chamber with 0.4 μm pores were respectively treated with 
GW4869 (an inhibitor of exosome release) and PD168393 (an 
irreversible EGFR inhibitor) for 24 h, followed by the analysis 
of EGFR expression in the lower transwell chamber NSCLC 
cells. The results showed that not only GW4869 but also 
PD168393 significantly inhibited HPV-16 E7-induced 
p-EGFR and EGFR protein expression at both A549 and NCI- 
H460 cells (P < .05, Figure 4c,d). Taken together, these findings 
suggested that the delivery of EGFR was related to exosomes.

Exosomal EGFR regulated HPV-16 E7-induced migration, 
invasion, and EMT in NSCLC cells

Our previous studies demonstrated that HPV-16 E7 promoted 
migration, invasion, and EMT in A549 and NCI-H460 cells.26– 

28 Moreover, in this study, we deeply confirmed that exosomes 
were involved in these processes (Figure 2). To further inves-
tigate the effect of exosomal EGFR on migration and invasion 
abilities promoted by HPV-16 E7, Transwell assay was used to 
analyze the migration and invasion abilities of NSCLC cells 
which were co-cultured with HPV-16 E7-overexpressing cells 
pretreated with different inhibitors. Our results showed that 
both exosome secretion inhibitor GW4869 and EGFR inhibitor 
PD168393 effectively inhibited the migration and invasion of 
NSCLC cells induced by HPV-16 E7 oncoprotein (P < .01, 
Figure 5a), indicating that exosomal EGFR was involved in 
migration and invasion of NSCLC cells induced by HPV-16 
E7 oncoprotein.

Next, we analyzed the role of exosomal EGFR in HPV-16 
E7-induced EMT of NSCLC cells. Our results demonstrated 
that HPV-16 E7 significantly up-regulated Vimentin and 
N-cadherin mRNA expression in both A549 and NCI-H460 
cells (P < .05, Figure 5b). Moreover, HPV-16 E7 dramatically 
down-regulated E-cadherin expression while up-regulated 
N-cadherin and Vimentin expression in both A549 and NCI- 
H460 cells, and promoted Snail1, Slug, and Twist1 expression 
at protein levels in A549 cells (P < .05, Figure 5c,d). However, 
PD168393 and GW4869 remarkably reversed these effects 

CANCER BIOLOGY & THERAPY 5



Figure 2. Exosomes derived from the stable HPV-16 E7-overexpressing A549 and NCI-H460 cells enhanced migration, invasion, proliferation, and EMT of NSCLC cells. (a) 
Wound healing results for A549 cells, scale bar = 500 μm. (b) Transwell results for the migration and invasion abilities of NCI-H460 cells, scale bar = 100 μm. (c) Colony 
formation results for the proliferation abilities of A549 cells. (d) Western blot analysis of expression of EMT related markers in A549 cells. E7 Exo: the cells treated with the 
exosomes derived from the stable HPV-16 E7-overexpressing cells; ev Exo: the cells treated with the exosomes derived from the empty vector-infected cells; PBS: the 
cells treated with PBS buffer. Left: one representative result of three independent experiments; right: the results for three independent experiments. All data are 
expressed as mean ± SD of three independent experiments. **P < .01.
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(P < .05, Figure 5b-d). Collectively, these results indicated that 
exosomal EGFR mediated HPV-16 E7 oncoprotein-induced 
EMT in A549 and NCI-H460 cells.

Differential expression of miRNAs

In recent years, a large number of studies have shown that 
exosome-derived miRNAs play an important role in EMT of 
cancer cells.38–40 In order to further study whether exosome- 
derived miRNAs are involved in the EMT of NSCLC cells 
induced by HPV-16 E7 oncoprotein, the exosomes derived 
from the stable HPV-16 E7-overexpressing A549 cells and 
empty vector-infected A549 cells were analyzed by high- 
throughput sequencing. Our results showed that 12 kinds of 
differentially expressed miRNAs with fold change≥2 and 
P ≤ .05 were screened out, of which 7 kinds of miRNAs (let- 
7d-5p, miR-10b-5p, miR-221-3p, miR-30c-2-3p, miR-381-3p, 
miR-409-3p and miR-548o-3p) were up-regulated while 5 
miRNAs (let-7d-3p, miR −101-3p, miR-125b-1-3p, miR-30c- 

1-3p and miR-30e-3p) were down-regulated in the exosomes 
derived from the stable HPV-16 E7-overexpressing A549 cells 
(Figure 6a-c). Moreover, the results of the signal pathway 
analysis of 12 differentially expressed miRNAs showed that 
the pathway in cancer was the most important, followed by 
the FoxO signaling pathway and the Hippo signaling pathway 
(Figure 6d).

Discussion

Exosomes are extracellular vesicles secreted by cells that med-
iate information exchange between the adjacent or distant 
cells. Accumulating evidence demonstrates that exosomes 
are involved in both physiological and pathological 
processes.41 Recently, exosomes have been found to play an 
important role in EMT of NSCLC cells.14,18,19 It was found 
that HPV-16 E7 can effectively promote EMT of NSCLC cells 
in our previous studies.26–28 However, the role of exosomes in 
HPV-16 E7-induced EMT has not been reported. In this 

Figure 3. Exosomes derived from stable HPV-16 E7-overexpressing NCI-H460 cells promoted tumor growth and EMT of NSCLC in vivo. (a) The representative results of 
subcutaneous tumors. (b) Tumor volume (mm3). (c) Tumor weight (g). (d) Nude mouse weight (g). (e) The representative results of HE and immunohistochemical 
staining, scale bar = 100 μm.
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study, we firstly demonstrated that the exosomes derived 
from the stable HPV-16 E7-overexpressing NSCLC cells sig-
nificantly enhanced the proliferation, migration, and invasion 
of NSCLC cells as compared with the exosomes derived from 
empty vector-infected NSCLC cells (Figure 2a-c). EMT is the 
key step of migration and invasion, so we further analyzed the 
effect of the exosomes derived from the stable HPV-16 E7- 
overexpressing NSCLC cells on EMT of NSCLC cells. Our 
results showed that the exosomes derived from the stable 
HPV-16 E7-overexpressing NSCLC cells dramatically 
enhanced EMT in NSCLC cells (Figure 2d). Moreover, 
in vivo results further demonstrated the exosomes derived 
from the stable HPV-16 E7-overexpressing NSCLC cells pro-
moted the growth and EMT of NSCLC (Figure 3). Therefore, 
our results indicate that exosomes can mediate HPV-16 E7- 
induced EMT in NSCLC cells.

Recent studies have shown that EGFR could be enriched in 
exosomes, and EGFR in exosomes was different from EGFR in 
cells in terms of quantity and binding strength with the 
targets.42 EGFR is a crucial target of NSCLC30–32 and exosomes 
may play a key role in the progression of EGFR-mutant 
NSCLC.34,35 Moreover, EMT was found to contribute to the 
resistance to EGFR-targeted therapies in NSCLC,43 and target-
ing the EMT transcription factor TWIST1 was demonstrated to 
overcome the resistance to EGFR inhibitors in EGFR-mutant 
NSCLC.44 However, the role of exosomal EGFR in HPV-16 E7- 
induced EMT of NSCLC cells is still unclear. In this study, we 
demonstrated that HPV-16 E7 promoted EGFR and p-EGFR 
protein expression in A549 cells (Figure 4a). Furthermore, 
EGFR protein expression was much higher in the exosomes 
derived from the stable HPV-16 E7-overexpressing NSCLC 
cells than that in the exosomes derived from empty vector- 

Figure 4. EGFR induced by HPV-16 E7 can be delivered to NSCLC cells through exosomes. (a) The expression of EGFR and p-EGFR in HPV-16 E7-overexpressing cells (E7 
cells) and empty vector cells (ev cells). (b) The expression of EGFR in the exosomes derived from the stable HPV-16 E7-overexpressing cells (E7 Exo) and the exosomes 
derived from empty vector-infected cells (ev Exo). (c,d) The analysis of the protein levels of EGFR and p-EGFR in A549 (c) and NCI-H460 cells (d) co-cultured with ev cells 
and E7 cells treated with DMSO, PD168393, and GW4869, respectively. Left: one representative result of three independent experiments; right: the results of density for 
three independent experiments. All data are expressed as mean ± SD of three independent experiments. *P < .05, **P < .01.
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infected cells (Figure 4b). These results suggest that exosomes 
may be involved in the HPV-16 E7-induced EMT of NSCLC 
cells by delivering EGFR protein and exosomal EGFR may play 
a role in the progression of HPV-16-related NSCLC. In order 
to further confirm this proposal, in this study, NSCLC cells 
were pretreated with GW4869 (an inhibitor of exosome 
release) and PD168393 (an irreversible EGFR inhibitor), 
respectively, followed by the analysis of migration and invasion 
capabilities and the expression of EMT markers in NSCLC 
cells. Our results showed that both GW4869 and PD168393 
inhibited HPV-16 E7-induced migration and invasion capabil-
ities of NSCLC cells (Figure 5a). Furthermore, both GW4869 
and PD168393 also suppressed HPV-16 E7-induced EMT of 
NSCLC cells (Figure 5b-d). Taken together, these findings 
suggest that exosomal EGFR mediated EMT of NSCLC cells 
induced by HPV-16 E7 oncoprotein.

Interestingly, in this study, we further found that EGFR 
inhibitor PD168393 exhibited less inhibitory effect on HPV- 

16 E7-induced EMT of NSCLC cells as compared with exo-
some release inhibitor GW4869 (Figure 5). We speculate that 
these novel phenomena may be because EGFR inhibitors can 
only inhibit the activation of EGFR in exosomes but have no 
effect on the delivery of other biomolecules by exosomes, exo-
somes can still carry other biomolecules besides EGFR protein 
into the recipient cells to produce biological effects.

Recent studies have shown that HPV-16 E7 can not only 
regulate the expression of cancer-related miRNAs in tumor 
cells,45,46 but also further affect miRNAs enrichment in 
exosomes.47 This is similar to our hypothesis that there are 
other biomolecules that can interact with exosomal EGFR. 
Therefore, we used high-throughput sequencing to analyze 
the differentially expressed miRNAs between the exosomes 
derived from the stable HPV-16 E7-overexpressing A549 cells 
and empty vector-infected A549 cells. The results showed that 
7 kinds of miRNAs (let-7d-5p, miR-10b-5p, miR-221-3p, 
miR-30c-2-3p, miR-381-3p, miR-409-3p, miR-548o-3p) were 

Figure 5. Exosomal EGFR was involved in migration, invasion, and EMT of NSCLC cells induced by HPV-16 E7. (a) Transwell assays were performed to analyze the 
migration and invasion abilities of A549 and NCI-H460 cells after co-cultured with HPV-16 E7-overexpressing cells (E7 cells) and empty vector cells (ev cells) treated with 
DMSO, PD168393, and GW4869, respectively; Up: one representative result of three independent experiments, scale bar = 100 μm; down: the number of migratory cells 
(left) and invasive cells (right) for three independent experiments. (b-d) EMT-related mRNA (b) and protein (c,d) levels were determined by RT-qPCR and Western blot 
after co-cultured with ev cells and E7 cells treated with DMSO, PD168393, and GW4869, respectively. The left of c (A549) and d (NCI-H460): one representative result of 
three independent experiments; the right of c (A549) and d (NCI-H460): the results of density for three independent experiments. All data are expressed as mean ± SD of 
three independent experiments. *P < .05, **P < .01.
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up-regulated while 5 miRNAs (let-7d-3p, miR-101-3p, miR- 
125b-1-3p, miR-30c-1-3p and miR-30e-3p) were down- 
regulated in the exosomes derived from the stable HPV-16 
E7-overexpressing A549 cells (Figure 6c). Previous studies 
showed that when the expression of HPV-18 E6/E7 in HeLa 
cells was inhibited, exosomal let-7d-5p was significantly 
reduced, confirming that the expression of exosomal let-7d- 
5p was E6/E7 dependent.47 Recently, it was reported that lung 
cancer cell derived exosomal let-7d-5p down-regulated 
OPRM1 to promote bone metastasis.48 HPV infection 
increased the expression of miR-221-3p,49 while exosomal 
miR-221-3p derived from cervical cancer cells promoted the 
migration, invasion, and angiogenesis of vascular endothelial 
cells by targeting thbs2, vash1 and mapk10, thereby promot-
ing the progression of cervical cancer.50 Interestingly, miR- 
221-3p was highly expressed in lung cancer, and the inhibi-
tion of miR-221-3p expression reduced the growth and 

metastasis of lung cancer.51 Exosomal miR-10b-5p not only 
promoted the progression of glioma and gastric cancer,52,53 

but also played an important role in the early diagnosis of 
liver cancer and NSCLC,54,55 especially lung 
adenocarcinoma.56All these previous studies suggest that the 
above miRNAs may be involved in exosomal EGFR-mediated 
EMT induced by HPV-16 E7 oncoprotein in NSCLC cells. 
Furthermore, we preliminarily found that FoxO signaling 
pathway and Hippo signaling pathway might be related to 
the regulation of 12 differentially expressed miRNAs 
(Figure 6d). Therefore, whether these signaling pathways 
can be involved in exosomal EGFR-mediated EMT of 
NSCLC cells induced by HPV-16 E7 oncoprotein via regulat-
ing the differential expression of these miRNAs and the 
underlying mechanisms need to be further explored

In conclusion, in this study, we firstly demonstrated 
that exosomal EGFR is involved in HPV-16 E7-induced 

Figure 6. Screening of the differentially expressed miRNAs. The analysis of difference of miRNA expression between exosomes derived from the stable HPV-16 E7- 
overexpressing A549 cells (E7 Exo) and empty vector-infected A549 cells (ev Exo). (a) Scatter plots. (b) Volcano plots. (c) Clustering was performed on differentially 
expressed miRNAs between E7 Exo and ev Exo, fold change≥2 and P ≤ .05. (d) Pathway analysis of differentially expressed miRNAs in E7 Exo and ev Exo. All data are 
expressed as mean ± SD of three independent experiments.
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EMT of NSCLC cells, suggesting that exosomes may play 
a key role in the progression of HPV-16-related NSCLC by 
delivering EGFR.
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