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Abstract
Our previous studies have found that human papillomavirus (HPV)-16 E7 oncoprotein promotes
epithelial-mesenchymal transition (EMT) and hypoxia-inducible factor-1α (HIF-1α) protein accumulation
in non-small cell lung cancer (NSCLC) cells and monoamine oxidase A (MAOA) is highly expressed in
NSCLC tissues. Here, we further explored the role of MAOA in HPV-16 E7-induced EMT and HIF-1α
protein accumulation in A549 and NCI-H460 NSCLC cells. Our results showed that HPV-16 E7
enhanced MAOA expression in NSCLC cells. Additionally, MAOA knockout inhibited HPV-16
E7-induced migration, invasion, and EMT, and significantly reduced HPV-16 E7-induced ROS generation
and HIF-1α protein accumulation via promoting its degradation. Furthermore, MAOA knockout
suppressed HPV-16 E7-induced ERK1/2 activation. In vivo, MAOA knockout inhibited tumor growth,
metastasis, and the expression of EMT-related markers and HIF-1α proteins induced by HPV-16 E7 in
NCI-H460 NSCLC subcutaneous xenograft and in situ intrapulmonary models of nude mice. Taken
together, our findings provide evidence that MAOA plays a key role in EMT and HIF-1α protein
accumulation induced by HPV-16 E7 in NSCLC cells, suggesting that MAOA may be a potential
therapeutic target for HPV-related NSCLC.
Key words: epithelial-mesenchymal transition (EMT); human papillomavirus (HPV); hypoxia-inducible
factor-1α (HIF-1α); monoamine oxidases A (MAOA); non-small cell lung cancer (NSCLC)

Introduction
Lung cancer is the most common cause of cancer
mortality worldwide, accounting for 18.4% of cancerrelated deaths worldwide [1]. Lung cancer can be
classified into small cell lung cancer (SCLC) and nonsmall cell lung cancer (NSCLC), and NSCLC accounts
for about 80% of primary lung cancer [2, 3] with a low
5-year survival rate (7.0%) and median survival time
(5 months) [4, 5]. The risk factors for NSCLC include

smoking, exposure to occupational and environmental carcinogens such as asbestos, arsenic, radon,
and infection such as human papillomavirus (HPV)
infection [6-9].
HPV is a double-stranded and non-enveloped
DNA virus. Syrjanen first proposed a hypothesis that
HPV can induce the occurrence of squamous cell lung
cancer in 1979 [10]. Over the past 30 years, many
http://www.ijbs.com
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subtypes of HPV infections have been found in lung
cancer tissues, of which high-risk HPV-16 had the
highest infection rate [11, 12]. HPV-16 DNA and
HPV-16 E6 and E7 oncoproteins were detected in lung
cancer tissues and were considered as the potential
causes of NSCLC [13, 14]. However, the mechanisms
by which HPV-16 oncoproteins promote NSCLC
progression have not yet been fully elucidated.
Monoamine
oxidase
A
(MAOA),
a
mitochondria-bound enzyme, can catalyze the
degradation of monoamine neurotransmitters and
dietary amines by oxidative deamination [15].
Previous studies have shown that MAOA defect is
closely related to impulsive aggressive behavior and
negative emotions such as anxiety, depression, and
anger [16, 17]. Recently, accumulating evidence has
demonstrated that MAOA plays an important role in
cancer progression [15, 18-22]. Our previous study has
also found that MAOA protein and mRNA levels in
NSCLC tissues are higher than those in the matched
non-tumor adjacent lung tissues, and MAOA
expression in NSCLC tissues is closely related to
epithelial-mesenchymal transition (EMT) [23].
However, the role of MAOA in HPV-16 oncoproteininduced NSCLC has not been reported.
The poor prognosis in NSCLC is associated with
the EMT, a key process that drives cancer metastasis
[24]. A growing body of evidence has demonstrated
that EMT is closely related to tumorigenesis, invasion,
distant metastasis, chemotherapy resistance, etc
[25-28]. The main features of EMT are the loss of
epithelial cell phenotype such as the decrease of
E-cadherin expression, the gain of mesenchymal cell
phenotype such as the increase of N-cadherin and
Vimentin expression, and the induction of EMTrelated transcription factors (EMT-TFs) such as Snail1,
Slug (Snail2), and Twist1 [12, 29, 30]. Yue et al. found
that EMT promoted tumor invasion and migration
abilities in NSCLC [31]. Eo et al. also demonstrated
that NSCLC cells with the lower EMT were more
sensitive to tyrosine-kinase inhibitors than those with
the higher EMT [32]. These reports indicate that EMT
mediates the progression of NSCLC. Interestingly,
our previous study found that HPV-16 E7 oncoprotein
enhanced EMT in NSCLC cells [33]. However, the
underlying molecular mechanisms of EMT enhanced
by HPV-16 E7 oncoprotein in NSCLC cells still remain
unclear.
Under normoxic conditions, prolyl hydroxylase
enzymes (PHD) hydroxylates key proline residues of
hypoxia-inducible factor-1α (HIF-1α), thereby
allowing the von Hippel-Lindau protein to bind and
target HIF-1α for proteasomal degradation. However,
under hypoxic conditions, PHD activity is inhibited,
resulting in the stabilization and translocation of
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HIF-1α to the nucleus [34]. The hypoxic
microenvironment is closely associated with cancer
progression and metastasis. Recently, HIF-1α has
been shown to up-regulate EMT-TFs and antagonize
p53 [35]. Interestingly, our previous study
demonstrated that overexpression of HPV-16 E7
oncoprotein enhanced HIF-1α protein accumulation
and HIF-1α-dependent VEGF and IL-8 expression in
NSCLC cells [36]. However, the mechanisms by
which HPV-16 E7 oncoprotein mediates the high
expression of HIF-1α are not completely clear.
In this study, we found for the first time, to the
best of our knowledge, that HPV-16 E7 oncoprotein
promoted the expression of MAOA in NSCLC cells.
Moreover, MAOA knockout inhibited EMT and
HIF-1α protein accumulation induced by HPV-16 E7
oncoprotein in NSCLC cells. These results suggest
that MAOA may be a potential therapeutic target for
HPV-related NSCLC.

Materials and Methods
Reagents
Mouse anti-HPV-16 E7 antibody and rabbit
anti-human MAOA and MMP-2 antibodies were
obtained from Abcam (Cambridge, UK). Mouse
anti-human Ki-67, rabbit anti-human E-cadherin,
N-cadherin, Vimentin, Slug, Twist1, MMP-9,
p-ERK1/2, ERK1/2, p-AKT, AKT, and β-actin
monoclonal antibodies, and horseradish peroxidaseconjugated secondary antibodies were from Cell
Signaling Technology Inc. (Beverly, MA, USA).
Mouse anti-human HIF-1α monoclonal antibody was
purchased from BD Transduction Laboratories (San
Diego, CA, USA). The RNA extraction kits (RNAprep
Pure FFPE kits) were obtained from Tiangen Biotech
Co., Ltd. (Beijing, China). The reverse transcription
(RT) kit (PrimeScript™ RT reagent kits) and the qPCR
analysis kit (SYBR Premix Ex Taq™ II) were
purchased from Takara Biotechnology Co., Ltd.
(Dalian, China). PD98059 was purchased from Cell
Signaling Technology Inc. (Beverly, MA, USA). The
human vascular endothelial growth factor (VEGF)
ELISA kit was purchased from Boster Biological
Technology Co.Ltd (Wuhan, China). The ROS assay
kit was purchased from Beyotime Biotechnology Co.
Ltd (Shanghai, China).

Cell Lines and Cell Culture
A549 and NCI-H460 human NSCLC cell lines
were purchased from American Type Culture
Collection (Rockville, MD, USA) and Chinese
Academy of Sciences Cell Bank of Type Culture
Collection (Shanghai, China), respectively. All
NSCLC cells were grown in RPMI-1640 media
containing 10% fetal bovine serum, penicillin (100
http://www.ijbs.com
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U/ml), and streptomycin (100 μg/ml) at 37°C in a
humidified condition with 5% CO2.

Construction of stable HPV-16
E7-overexpressing cell lines
The GV287 lentivirus vector harboring HPV-16
E7 (GV287-HPV-16 E7) was constructed by Shanghai
GK Gene Technology Co., Ltd. A549 and NCI-H460
NSCLC cells were infected with HPV-16 E7-lentivirus,
and the stable HPV-16 E7- overexpressing A549 and
NCI-H460 cell lines (abbreviation: 16 E7) were
constructed. The empty vector-infected cells served as
controls. The infected cells containing enhanced green
fluorescent protein (EGFP) were sorted by flow
cytometry. The expression of HPV-16 E7 oncoprotein
in the infected cells was examined by Western
blotting.

Construction of stable cell lines with HPV-16
E7 overexpression and MAOA knockout
CRISPR/Cas9 technology was performed to
knock out MAOA in the stable HPV-16 E7-overexpressing NSCLC cells to establish stable cell lines
with HPV-16 E7 overexpression and MAOA knockout
(abbreviation: 16 E7-MAOA KO). A lentivirus vector
(U6-sgRNA-EFS-Cas9-P2A-Puro) was constructed by
Shanghai Fubaiao Biotechnology Co., Ltd. To obtain
16 E7-MAOA KO cells, the infected cells were
screened by incubation with 2 μg/ml of puromycin.
The efficiency of MAOA knockout was analyzed by
Western blotting.

Enzyme-linked immunosorbent assay (ELISA)
The stable-infected cells (Empty vector, 16 E7,
and 16 E7-MAOA KO) were cultured for 24 h, and the
VEGF protein concentration in the conditional media
was measured using a human VEGF ELISA kit (Boster
Biological Technology Co.Ltd.) according to the
manufacturer's instructions. The experiments were
repeated in triplicate.

Reactive oxygen species (ROS) detection
The stable-infected cells (Empty vector, 16 E7,
and 16 E7-MAOA KO) were cultured for 16 h,
followed by ROS analysis. The intracellular ROS level
was detected by flow cytometry using a ROS assay kit
(Beyotime Biotechnology Co. Ltd.) according to the
manufacturer's instructions.

Wound healing
Wound healing experiment was performed to
quantify the MAOA effect on the motility of the
stable-infected cells (Empty vector, 16 E7, and 16
E7-MAOA KO). The method was as described
previously [37].
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Transwell Migration and invasion assays
The assays were performed using 24-well
Transwell chambers (Corning Costar, Corning, NY)
containing 8 μm pore size polycarbonate membranes
with Matrigel (BD Biosciences, San Jose, CA) for
invasion assay or without Matrigel for migration
assay. The cells were starved overnight and
inoculated into the upper chamber without serum.
16~24 h later, the passed cells under the chamber were
fixed with 4 % formaldehyde, and then stained with 4
% crystal violet for 20 min. Under the microscope, 5
fields were randomly selected to calculate the number
of the passed cells.

RT-qPCR
Total RNA was extracted from Empty vector, 16
E7, and 16 E7-MAOA KO cells using TRIzol® reagent.
The mRNA relative levels were determined using a
RT kit and a qPCR kit (SYBR Green) according to the
manufacturer’s instructions (Tiangen Biotech). The
sequences of the primers synthesized by Sangon
Biotech (Shanghai, China) were as follows: MAOA
forwards 5′-AGTGAGCGAACGGATAATGG-3′ and
reverse
5′-TGTTCATGGTTCAG-CGTCTC-3′
[Genbank: NM_001270458.1]; E-cadherin forwards
5′-TTGCTACTGGAACAGGGACAC-3′ and reverse
5′-CCCGTGTGTTAG-TTCTGCTGT-3′
[Genbank:
NM_004360.5]; N-cadherin forwards 5′-TTATCCTTG
TGCTGATGTTTGTG-3′ and reverse 5′-TCTTCTTCTC
CTCCACCTTCTTC-3′ [Genbank: NM_001792.5];
Vimentin forwards 5′-GAGAACTTTGCCGTTGAA
GC-3′ and reverse 5′-TCCAGCAGCTTCCTGTAG-3′
[Genbank: NM_003380.5]; Slug forwards 5′-GAG
CATACAGCCCCATCACT-3′ and reverse 5′-GGGTC
TGAAAGCTT-GGACTG-3′ [Genbank: NM_003068.
5]; Twist1 forwards 5′-GTCCGCAG-TCTTACGAGGA
G-3′ and reverse 5′-CCAGCTTGAGGGTCTGAATC3′ [Genbank: NM_000474.4]; β-actin forwards 5′-TGA
CGTGGACATCCGCAAAG-3′ and reverse 5′-CTG
GAAGGTGGACAGCGAGG-3′
[Genbank:
NM_
001101.5]. The RT conditions were as follows: 25°C for
10 min, 55°C for 30 min, and 85°C for 5 min. The qPCR
conditions were as follows: 95°C for 5 min, followed
by 40 cycles at 95°C for 10 s, 60°C for 20 s, and 72°C for
20 s. All relative mRNA levels were normalized to
β-actin.

Western Blotting
The cells were lysed on ice for 60 min with lysis
buffer
(Beyotime
Biotechnology
Corporation,
Shanghai, China) and complete protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA), and the
supernatants were collected by centrifugation at
12,000×g for 10 min. The electrophoresis was
performed on 10% SDS-PAGE gel and transferred to
http://www.ijbs.com
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the polyvinylidene difluoride membrane. The
membrane was blocked with 5% non-fat milk or BSA,
and incubated with specific primary antibody and
horseradish peroxidase-conjugated secondary antibody, respectively. Antigen-antibody complexes were
visualized using enhanced chemiluminescence. The
analysis of β-actin protein expression was used as an
internal control.

Animal experiments
The 4~5-week-old BALB/c nude mice were
purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China). The
study was approved by Ethics Committee of
Guangdong Medical University. The nude mice were
maintained under a controlled temperature
(20~26 °C), humidity (40~70%), and 12 h light/12 h
dark cycle. The stable empty vector, 16 E7, and 16
E7-MAOA KO NCI-H460 cells (2×106 cells/200 μl)
were respectively injected subcutaneously into the left
armpit of nude mice to establish the subcutaneous
xenograft model, and the stable empty vector, 16 E7,
and 16 E7-MAOA KO NCI-H460 cells (5×105 cells/50
μl) were respectively mixed with Matrigel at a 1:1
ratio and the mixtures were respectively injected into
the left lung of nude mouse to establish in situ
intrapulmonary model. Both subcutaneous xenograft
and in situ intrapulmonary models were classified
into three groups (empty vector group, 16 E7 group,
and 16 E7-MAOA KO group, 8 mice/group). The
growth and diet of nude mice were observed, and the
volume of subcutaneous tumors and the weight of
nude mice were measured every three days. About 4
weeks later, all the nude mice were sacrificed. The
tumors were weighed and fixed in 10% formalin.

Immunohistochemistry
Immunohistochemical staining was performed
on paraffin-embedded tissue specimens. The method
was as described previously [23].

Statistical Analysis
All data in this study were expressed as mean ±
SD for at least three independent experiments.
One-way ANOVA and t test were used as statistical
analysis by GraphPad Prism 5.0 software. P < 0.05
was considered significant.

Results
HPV-16 E7 oncoprotein enhanced MAOA
expression in NSCLC cells
Our previous study demonstrated that MAOA
was highly expressed in human NSCLC tissues [23].
However, to date, the effect of HPV-16 E7 on MAOA
expression in NSCLC cells has not been reported. To
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address this question, we constructed the stable
HPV-16 E7-overexpressing A549 and NCI-H460 cell
lines (abbreviation: 16 E7). HPV-16 E7 protein and
mRNA expression was confirmed in the infected cells
(Figure 1A,B), indicating that the stable HPV-16
E7-overexpressing A549 and NCI-H460 cell lines (16
E7) were successfully constructed.
Next, we analyzed MAOA expression in the
stable HPV-16 E7-overexpressing NSCLC cells (16
E7). Our results showed that the expression of MAOA
protein was significantly stronger in HPV-16 E7overexpressing cells than that in empty vector and
mock infection controls (Figure 1C). Similar results
were observed in MAOA mRNA level (Figure 1D).
Taken together, our results demonstrated that HPV-16
E7 oncoprotein promoted MAOA expression at both
protein and mRNA levels in A549 and NCI-H460
NSCLC cells.

MAOA knockout inhibited HPV-16 E7-induced
migration and invasion abilities of NSCLC cells
Our previous studies demonstrated that HPV-16
E7 promoted the progression and development of
NSCLC [12, 36]. To study the role of MAOA in the
progression and development of NSCLC promoted by
HPV-16 E7, CRISPR/Cas9 technique was used to
knock out MAOA in HPV-16 E7-overexpressing
NSCLC cells (16 E7) to construct stable NSCLC cell
lines with HPV-16 E7 overexpression and MAOA
knockout (16 E7-MAOA KO). As expected, MAOA
was knocked out in these cells (Figure 2A,B),
indicating that the stable 16 E7-MAOA KO cells were
successfully constructed.
Previous studies found that HPV-16 enhanced
migration and invasion abilities of NSCLC cells [13,
38]. To investigate the effect of MAOA on migration
and invasion abilities promoted by HPV-16 E7,
Transwell and wound healing assays were used to
analyze the migration and invasion abilities of
NSCLC cells. Our results showed that MAOA
knockout significantly inhibited HPV-16 E7-induced
migration (P<0.01, Figure 2C,E) and invasion (P<0.01,
Figure 2D) abilities of A549 and NCI-H460 cells.
Additionally, overexpression of HPV-16 E7
dramatically enhanced the expression of MMP-2 and
MMP-9, whereas MAOA knockout inhibited this
effect (P<0.01, Figure 2F,G). Collectively, our results
indicated that MAOA might play a role in interfering
with HPV-16 E7-induced migration and invasion
abilities of NSCLC cells.

MAOA knockout inhibited HPV-16 E7-induced
EMT in NSCLC cells
EMT, the first step of migration and invasion,
promotes NSCLC tumorigenesis and progression [39].
http://www.ijbs.com
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Interestingly, our previous study firstly demonstrated
that HPV-16 E7 enhanced EMT, leading to NSCLC
progression [12]. Therefore, to further verify whether
MAOA was involved in HPV-16 E7-induced EMT
process in A549 and NCI-H460 cells, we investigated
the mRNA levels of EMT-related epithelial marker
(E-cadherin), mesenchymal markers (Vimentin and
N-cadherin), and transcription factors (Twist1 and
Slug) by RT-qPCR. Our results showed that HPV-16
E7 down-regulated the E-cadherin mRNA level while
up-regulated Vimentin, N-cadherin, Twist1, and Slug
mRNA expression, but MAOA knockout inhibited
these effects (Figure 3A,B). The similar results were
observed in the expression of these proteins (Figure
3C,D). Collectively, these results suggested that
MAOA knockout inhibited EMT induced by HPV-16
E7 oncoprotein in NSCLC cells.

MAOA was involved in HPV-16 E7 -induced
HIF-1α/VEGF signaling
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protein enhanced HIF-1α/VEGF- mediated tumor
angiogenesis in NSCLC cells [36]. In this study, we
further investigated the role MAOA in HPV-16
E7-induced HIF-1α accumulation under normoxic
conditions. We demonstrated that HPV-16 E7induced
HIF-1α
protein
accumulation
was
significantly reduced by MAOA knockout (Figure
4A).
HIF-1α mediates VEGF expression in tumor
microenvironment [40]. In the present study, we
measured the concentration of VEGF protein in the
conditional media of NSCLC cells by ELISA. Our
results showed that MAOA knockout significantly
reduced HPV-16 E7-induced VEGF protein secretion
(Figure 4B), and the similar results were found at
VEGF mRNA level (Figure 4C). Taken together, our
results indicated that MAOA knockout inhibited
HIF-1α/VEGF signaling induced by HPV-16 E7 in
NSCLC cells.

Our previous study found that HPV-16 E7 onco-

Figure 1. Overexpression of HPV-16 E7 oncoprotein promoted the expression of MAOA in NSCLC cells. (A,B) HPV-16 E7 protein (A) and mRNA (B) levels
were determined by Western blotting and RT-qPCR, respectively. (C,D) MAOA protein (C) and mRNA (D) levels were determined by Western blotting and RT-qPCR,
respectively. All data are expressed as mean±SD of three independent experiments. *P<0.05, **P<0.01.
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Figure 2. MAOA knockout inhibited HPV-16 E7-induced migration and invasion abilities of NSCLC cells. (A, B) The expression of MAOA protein (A) and
mRNA (B) in stable A549 and NCI-H460 cells. (C) The results of transwell migration assay, scale bar =100 µm. (D) The results of transwell invasion assay, scale bar =100 µm.
(E) The results of NSCLC cells motility by wound healing assay, scale bar =500 µm. (F) The expression of MMP-2 and MMP-9 in stable A549 and NCI-H460 cells. (G) The
quantitative analysis for the expression of MMP-2 and MMP-9. All data are expressed as mean±SD of three independent experiments. *P<0.05, **P<0.01. Abbreviations: Empty
vector, stable empty vector-infected cells; 16E7, stable HPV-16 E7-overexpressing cells; 16 E7-MAOA KO, stable cells with HPV-16 E7 overexpression and MAOA knockout.

To determine whether the degradation of HIF-1α
protein was through the 26S proteasome system, A549
and NCI-H460 (16 E7 and 16 E7-MAOA KO) cells
were treated with MG-132 (20 mmol/L), a specific 26S
proteasome inhibitor. Our results showed that HIF-1α
protein accumulation in 16 E7-MAOA KO cells was
significantly lower than that in 16 E7 cells (Figure 4D),
suggesting that MAOA knockout promoted the
degradation of HPV-16 E7-induced HIF-1α protein
possibly via 26S proteasome pathway in NSCLC cells.

MAOA was reported to stabilize HIF-1α through
the increase of ROS production [15]. To identify
whether HPV-16 E7 oncoprotein enhanced HIF-1α
protein
accumulation
through
MAOA/ROS
signaling, we detected the level of intracellular ROS in
A549 and NCI-H460 cells (empty vector, 16 E7 and 16
E7-MAOA KO). Our results showed that HPV-16 E7
oncoprotein promoted ROS generation, but MAOA
knockout significantly reduced HPV-16 E7-induced
ROS generation (Figure 4E).
http://www.ijbs.com
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Figure 3. MAOA knockout inhibited HPV-16 E7-induced EMT in NSCLC cells. (A,B) RT-qPCR was performed to analyze the mRNA levels of E-cadherin, N-cadherin,
Vimentin, Slug, and Twist1 in stable A549 (A) and NCI-H460 (B) cells. (C,D) Western blotting was performed to analyze the protein levels of E-cadherin, N-cadherin, Vimentin,
Slug, and Twist1 in stable A549 (C) and NCI-H460 (D) cells. All data are expressed as mean±SD of three independent experiments. *P < 0.05, **P < 0.01.

Figure 4. MAOA knockout regulated HPV-16 E7-induced HIF-1α protein stability in NSCLC cells. (A) HIF-1α protein expression was analyzed by Western
blotting. (B) VEGF protein concentration in the conditional media derived from stable A549 and NCI-H460 cells was determined by ELISA. (C) RT-qPCR analysis of VEGF mRNA
expression in stable A549 and NCI-H460 cells. (D) The stable A549 and NCI-H460 cells (16 E7 and 16 E7-MAOA KO) were treated with MG132 (20 mmol/L) for 24 h, followed
by analysis of HIF-1α protein expression. (E) The intracellular ROS level was determined by flow cytometry. All data are expressed as mean±SD of three independent
experiments. *P < 0.05, **P < 0.01.
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Figure 5. MAOA knockout inhibited HPV-16 E7-induced activation of ERK1/2 but not AKT in NSCLC cells. (A) The phosphorylated ERK1/2 and AKT levels in
A549 and NCI-H460 cells (Empty vector, 16 E7, and 16 E7-MAOA KO) were determined by Western blotting. (B) A549 and NCI-H460 cells (16 E7) were pretreated for 24 h
with different concentrations of PD98059, a specific ERK1/2 inhibitor, followed by analysis of MAOA protein expression. All data are expressed as mean±SD of three
independent experiments. *P < 0.05, **P < 0.01.

MAOA played a role in HPV-16 E7-activated
ERK1/2 but not AKT signaling pathway
ERK and PI3K/AKT signaling pathways can
promote growth, migration, and invasion of NSCLC
[41, 42]. Our previous studies also demonstrated that
HPV-16 E7 oncoprotein promoted the activation of
ERK1/2 and PI3K/AKT pathways in A549 and
NCI-H460 cells [33, 43]. However, the roles of MAOA
in HPV-16 E7-induced activation of ERK1/2 and
PI3K/AKT pathways remain unknown. Therefore, we
examined the effect of MAOA knockout on the
activation of ERK1/2 and PI3K/AKT pathways. Our
results showed that MAOA knockout significantly
inhibited phosphorylated ERK1/2 (p-ERK1/2)
expression but did not affect phosphorylated AKT
(p-AKT) expression induced by HPV-16 E7 (Figure
5A), indicating MAOA might play a role in HPV-16
E7-induced ERK1/2 but not AKT activation. To
further investigate whether ERK1/2 pathway was
involved in HPV-16 E7-induced MAOA expression,
the stable HPV-16 E7-overexpressing cells (16E7 cells)
were treated with different concentrations of
PD98059, a specific ERK1/2 inhibitor. The results
showed that PD98059 did not affect HPV-16
E7-induced MAOA expression (Figure 5B). Taken
together, these results suggested that MAOA might
mediate HPV-16 E7-induced ERK1/2 activation, but
ERK1/2 signaling pathway was not involved in the
expression of MAOA induced by HPV-16 E7

oncoprotein.

MAOA knockout inhibited HPV-16 E7-induced
growth, metastasis, and expression of EMTrelated markers and HIF-1α proteins in vivo
To further confirm in vitro results, we established
NCI-H460 subcutaneous xenograft and in situ
intrapulmonary animal models. In subcutaneous
xenograft animal model, the rate of subcutaneous
tumorigenesis in the nude mice injected with HPV-16
E7-overexpressing NCI-H460 cells (16 E7 group) was
100%, which was much higher than that in the nude
mice injected with HPV-16 E7 overexpression and
MAOA knockout cells (16 E7-MAOA KO group, 75%).
The tumor volume and weight in 16 E7 group were
significantly increased as compared with empty
vector and 16 E7-MAOA KO groups (Figure 6A-C).
Moreover, immunohistochemistry results showed
that HPV-16 E7 enhanced the expression of Ki67, a
proliferation-related protein, but MAOA knockout
inhibited HPV-16 E7-enhanced Ki67 expression in
subcutaneous xenograft tumors (Figure 6D).
Furthermore, in situ intrapulmonary mouse model,
HPV-16 E7 was found to promote sternal metastasis,
but MAOA knockout dramatically inhibited HPV-16
E7-induced sternal metastasis (P<0.05, Figure 6E,F).
Taken together, these results indicated that MAOA
might play a role in the growth and metastasis of
NCI-H460 NSCLC.

http://www.ijbs.com
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Figure 6. MAOA knockout inhibited HPV-16 E7-induced NSCLC growth, metastasis, and expression of EMT-related markers and HIF-1α proteins in vivo.
The stable NCI-H460 cells (Empty vector, 16 E7, and 16 E7-MAOA KO) were respectively injected into subcutaneous (A-D) and intrapulmonary (E,F) of nude mice (n = 8
mice/group). (A) The representative results of tumor growth. (B) The volume of subcutaneous xenograft tumors. (C) The weight of subcutaneous xenograft tumors. (D)
Immunohistochemical staining results of Ki-67, MAOA, E-cadherin, N-cadherin, Slug, HIF-1α, and VEGF proteins in subcutaneous xenograft tumor tissues of nude mice. Scale bar
=100 µm. (E) The sternal metastasis of NCI-H460 intrapulmonary tumors. (F) The rate of sternal metastasis. All data are expressed as mean±SD of three independent
experiments. *P < 0.05, **P < 0.01.

To further verify the effects of MAOA on
HPV-16 E7-induced EMT and HIF-1α expression in
vivo, the expression of EMT markers and HIF-1α in
tumor
tissues
was
analyzed
by
immunohistochemistry. We found that 16 E7-MAOA
KO group showed the stronger expression of
E-cadherin and the weaker expression of N-cadherin
and Slug as compared with 16E7 group in
subcutaneous xenograft tumors (Figure 6D). These
results suggested that MAOA knockout could inhibit
HPV-16 E7-induced EMT, which was consistent with
the data in vitro. Moreover, we further demonstrated
that MAOA knockout inhibited HPV-16 E7-induced
HIF-1α and VEGF protein expression in subcutaneous
xenograft tumors (Figure 6D). Collectively, the in vivo
results further confirmed that MAOA might play a
role in HPV-16 E7-induced EMT and HIF-1α/VEGF
expression in NSCLC cells.

Discussion
A growing body of evidence has demonstrated
that MAOA plays a role in the progression of various
cancers including NSCLC, and the expression of

MAOA in various cancers is different [15, 18-22].
MAOA was reported to highly express in prostate
cancer, classical hodgkin's lymphoma, and breast
cancer tissues, but a lower expression of MAOA was
found in liver cancer, pancreatic ductal adenocarcinoma, and cholangiocarcinoma [15, 18-22]. In
prostate cancer, MAOA induced EMT and stabilized
the expression of HIF-1α protein, ultimately
promoting the growth, invasion, and metastasis [15].
Bioinformatics analysis found that MAOA might be a
potential target of diagnosis and treatment for lung
cancer [44]. Our previous study demonstrated that
MAOA was highly expressed in NSCLC and
correlated with EMT, suggesting that MAOA might
play a role in promoting NSCLC progression by
regulating EMT [23].
EMT is essential for promoting cancer metastasis
[45]. Our previous studies demonstrated that HPV-16
E7 oncoprotein up-regulated the expression of EMTrelated markers including N-cadherin, Vimentin,
ZEB1, and Snail1 and down-regulated the expression
of E-cadherin and ZO-1 in A549 and NCI-H460
NSCLC cells [12]. Similarly, Wu et al [15] also
reported that MAOA induced EMT, thereby
http://www.ijbs.com

Int. J. Biol. Sci. 2020, Vol. 16
promoting prostate cancer growth, invasion, and
metastasis. Additionally, it was reported that MAOA
might promote the metastatic potential of lung cancer
cells [46]. In this study, we demonstrated that HPV-16
E7 oncoprotein enhanced MAOA expression at both
protein and mRNA levels (Figure 1C,D), and MAOA
knockout inhibited the migration, invasion, and EMT
induced by HPV-16 E7 oncoprotein in A549 and
NCI-H460 NSCLC cells (Figure 2,3). These results
support the essential role of MAOA in the regulation
of EMT induced by HPV-16 E7 in NSCLC cells.
Previous studies demonstrated that hypoxic
microenvironment plays a key role in cancer
progression and metastasis, and HIF-1α overexpression was confirmed in many solid tumors [47,
48]. Moreover, HIF-1α was found to mediate VEGF
expression in tumor microenvironment [40]. Our
previous study found that HPV-16 E7 oncoprotein
promoted HIF-1α protein accumulation and HIF-1αdependent VEGF expression in NSCLC cells [36, 49].
In the present study, we further found that HPV-16
E7-induced HIF-1α protein accumulation and HIF-1αdependent VEGF expression were inhibited by
MAOA knockout, and MAOA knockout enhanced the
degradation of HPV-16 E7-induced HIF-1α protein
possibly via 26S proteasome pathway in NSCLC cells
(Figure 4A-D). Recently, in prostate cancer, MAOA
was reported to stabilize HIF-1α and mediate hypoxia
by increasing ROS that can repress PHD activity,
thereby enhancing the growth, invasion, and
metastasis of prostate cancer cells [15]. Interestingly,
in this study, we firstly demonstrated HPV-16 E7
oncoprotein up-regulated ROS level, but MAOA
knockout inhibited this effect in NSCLC cells (Figure
4E). Taken together, these results suggest that MAOA
may be involved in the stabilization of HPV-16 E7induced HIF-1α protein by regulating ROS level in
NSCLC cells.
ERK1/2 and AKT activation was reported to be
associated with malignant transformation [50].
Moreover, our previous studies found that HPV-16 E7
oncoprotein promoted the activation of ERK1/2 and
AKT in A549 and NCI-H460 NSCLC cells [43, 49]. In
this study, we demonstrated that MAOA knockout
inhibited HPV-16 E7-induced activation of ERK1/2
but not AKT, indicating that MAOA is essential in
HPV-16 E7-induced ERK1/2 activation (Figure 5A).
However, in turn, we found that PD98059, a specific
ERK1/2 inhibitor, had no obvious effect on HPV-16
E7-induced MAOA expression (Figure 5B).
Furthermore, our previous study showed that
ERK1/2 signaling pathway was not involved in HPV16 E7-induced HIF-1α protein accumulation [43].
Therefore, our previous and present studies suggest
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that MAOA may be as an upstream regulator to
mediate HPV-16 E7-induced ERK1/2 activation, but
ERK1/2 signaling has no feedback effect on HPV-16
E7-induced MAOA and HIF-1α expression. However,
previous studies demonstrated that HIF-1α was
closely related to the cell proliferation and invasion
abilities of lung cancer cells, which was associated
with the regulation of ERK1/2 pathway, and ERK1/2
phosphorylation increased HIF-1α protein expression
[51-53]. The difference between our results and
previous studies in the relationship of ERK1/2
phosphorylation and HIF-1α protein accumulation
may be due to the effect of MAOA/ROS/PHD/
HIF-1α pathway. Our result showed that HPV-16 E7
oncoprotein up-regulated ROS level through MAOA
(Figure 4E), and MAOA was demonstrated to
stabilize HIF-1α through ROS/PHD pathway [15].
Therefore, these results suggest that HPV-16 E7
oncoprotein can still accumulate HIF-1α protein
through MAOA/ROS/PHD/HIF-1α pathway, even if
ERK1/2 signaling pathway is suppressed, which
needs to be further studied.
In order to confirm the results in vitro, NCI-H460
cells (Empty vector, 16 E7, and 16 E7-MAOA KO)
were injected into subcutaneous and intrapulmonary
of nude mice to construct tumor models. We found
that the knockout of MAOA significantly inhibited
HPV-16 E7-induced NCI-H460 NSCLC growth and
metastasis. Moreover, the in vivo results also verified
that the knockout of MAOA inhibited HPV-16
E7-induced EMT and HIF-1α protein expression
(Figure 6). Collectively, both in vitro and in vivo results
suggest that MAOA may play a role in HPV-16
E7-induced EMT and HIF-1α protein expression.
In conclusion, in this study, we firstly demonstrated that HPV-16 E7 oncoprotein enhanced MAOA
expression and MAOA played a key role in HPV-16
E7-induced EMT and HIF-1α protein accumulation in
A549 and NCI-H460 NSCLC cells (Figure 7). These
findings suggest that MAOA may be a potential target
for the prevention and treatment of HPV-related
NSCLC.
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HPV-16 E7-overexpressing A549 and NCI-H460 cell
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HPV-16 E7 overexpression and MAOA knockout.
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Figure 7. A proposed working model for the role of MAOA in HPV-16 E7-induced EMT and HIF-1α protein accumulation in NSCLC cells.
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