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Apelin aggravates the migration and invasion of non-
small cell lung cancer cells via YAP1
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Abstract

Background: Apelin, an endogenous ligand of G-protein coupled
receptor (GPCR), is a secreted peptide involved in the development
of various tumors. However, the relationship between apelin and non-
small cell lung cancer (NSCLC) is not quite clear. This study was
designed to investigate the effect and mechanism of apelin on cell
proliferation, migration and invasion of NSCLC cells. Methods: Twelve
NSCLC specimens were collected for hematoxylin-eosin (HE) staining
and immunohistochemistry analyses. Cell proliferation was examined
by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and cell migration and invasion were assessed using wound-healing
and transwell assays. The subcellular location of yes associated
protein 1 (YAP1) in A549 cells was determined by immunofluorescence.
The mRNA and protein levels in NSCLC tissues and cell lines were
measured by qRT-PCR and western blot, respectively. Results:
Apelin was upregulated in tumor tissues compared with the adjacent
tissues. Apelin promoted proliferation, migration, and invasion of A549
and H460 cells, which was reversed by competitive apelin receptor
(APJ) antagonist ML221. Additionally, apelin upregulated YAP1
expression, whereas silence of YAP1 by small interfering RNA (siRNA)
attenuated apelin-induced cell proliferation, migration and invasion and
suppressed epithelial-mesenchymal transition progression. Conclusion:
Apelin promotes NSCLC cells proliferation, migration, and invasion by
modulating YAP1 and might be a potential therapeutic target for NSCLC
treatment.

Keywords

non-small cell lung cancer ; apelin; yes associated protein 1 ; epithelial-mesenchymal
transition

Received 27 January 2021, accepted 11 October 2021

1 Introduction

Lung cancer has long been considered the leading cause of
cancer-related deaths worldwide!". Non-small cell lung cancer
(NSCLC) accounts for over 80% of lung cancer cases, with
more than 50% of adenocarcinoma and 30% of squamous
carcinoma®
unreplaceable lung cancer with driver gene mutation™. In recent

. Targeted therapy is the best choice for patients with

years, a variety of molecular targeted drugs have been put into
clinical treatment, such as epidermal growth factor receptor
(EGFR) inhibitor erlotinib for EGFR mutant cancer, anti-human
epidermal growth factor receptor-2 (HER2) antibody trastuzumab
for HER2 gene-amplified cancer™. However, these drugs cannot
be effective for all types of cancer. It is of great importance to
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uncover novel mechanisms behind NSCLC metastasis and
target molecules for developing new therapies.

Apelin, a secreted peptide, has been identified as the
endogenous ligand of the G-protein-coupled cell-surface
receptor apelin receptor (APJ)[SI. Both apelin and its receptor
APJ were considered to be key regulators of central and
peripheral responses to various homeostatic perturbations.
Numerous reports showed that apelin plays a role in regulating
cardiovascular function, angiogenesis, fluid homeostasis and
energy metabolism®. We have found that apelin enhanced I,/
Kir2.1 current via the PI3K pathway to reverse ischemia- and
hypoxia-induced depolarization of resting membrane potential
(RMP) and prolongation of QT interval, indicating that apelin may
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play a role in preventing acute ischemic-mediated arrhythmias™.

Previous studies also suggest apelin as an important factor in
cancer®. Moreover, the expression of apelin was found directly
related to the capillaries size and the number of microvessels in
NSCLC®. Accumulating data suggest that apelin/APJ might be a
new pathway for molecular targeted therapy of cancers or as a
potential diagnostic biomarker of cancer®.

Hippo signaling is an evolutionarily conserved network that
coordinates cell proliferation and apoptosis to control organ
development, tissue homeostasis and cancer''. When Hippo
signaling is inactivated, yes-associated protein (YAP) and
transcriptional co-activator with PDZ-binding motif (TAZ), two
homologous transcriptional co-activator proteins that shuttle
between the cytosol (phosphorylated inactive state) and cell
nuclei (unphosphorylated active state), accumulate in the
nucleus, and interact with the transcription co-factor TEA domain
(TEAD). TEAD is one of the final nuclear effectors of the Hippo
pathway, which activates gene transcription to promote growth
and migration""". The activation of YAP can induce cancer
stem cell-characteristics, proliferation, chemoresistance, and
metastasis, making them attractive therapeutic targets for
cancer'?. A recent study from our group confirmed that YAP1
promotes Slug transcription via TEAD contributing to NSCLC
invasion and migration"®. However, the upstream regulatory
mechanism of YAP1 in NSCLC remains unclear.

Here, we reported apelin can promote the development of non-
small cell lung cancer, and depletion of YAP1 decreased the
capacity of tumor metastasis that enhanced by apelin. Apelin can
be regarded as a potential target to overcome tumor metastasis
in NSCLC.

2 Materials and Methods
2.1 Patients and specimens

NSCLC tissue specimens were obtained from 12 patients
undergoing surgical procedures in the Second Affiliated Hospital
of Harbin Medical University between December 2018 and
March 2020. Prior to the use of the samples, the patients
were all provided with informed written consents and the study
protocol involving the human samples was approved by the
Harbin Medical University Ethic Review Committees (NO.
IRB300720).

2.2 Immunohistochemistry

Immunohistochemistry (IHC) staining was used to determine the
expression levels of apelin in tumor and non-tumor tissues. The
tissue sections of 5-pyM thick on slides were deparaffinized in
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xylene and rehydrated in graded alcohol solutions. The antigen
recovery process was performed by heating the sections in Tris-
EDTA buffer for 30 min. Then the slides were incubated with
apelin antibody (Elabscience, Wuhan, China; 1:100) at 4°C
overnight. The sections were then stained with the respective
secondary antibodies, followed by counterstaining with
hematoxylin, dehydration and mounting. Images were captured
by a Zeiss microscope (Carl Zeiss, Oberkochen, Germany).

2.3 Cell culture

The NSCLC cell lines A549, H1299 and H460 were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 (Biological Industries, Kibbutz Beit-
Haemek, Israel) supplemented with 10% fetal bovine serum
(FBS, Biological Industries, Kibbutz Beit-Haemek, Israel) and 1%
penicillin/streptomycin at 37°C and 5% CO.,.

2.4 Transfection

To specifically knockdown YAP1 expression, small interfering
RNA (siRNA) specifically targeting YAP1 were purchased
from Sigma (Sigma-Aldrich, St. Louis, MO, USA). Cells were
transfected with siRNA using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions!™, and a scramble oligonucleotide was used as a
negative control. After 6 to 8 h, the cells were incubated with 1
umol/L apelin for 48 h.

2.5 Wound-healing assay

Wound-healing assay was performed to assess cell migration.
Cells were seeded at a density of 1x10° cells/well in six-well
plates. An artificial wound was created on the confluent cell
monolayer using a sterile 10-pL pipette tip. The cells were
washed with phosphate buffer saline (PBS) to remove cell
debris. The wounds were photographed with a light microscope
at 0, 24, and 48 h after treatment.

2.6 Transwell assay

Transwell migration and invasion assay was performed
according to the standard method!"®. The number of migrated
cells in five randomly selected fields was counted under a light
microscope (Olympus, Tokyo, Japan). All experiments were
repeated at least three times.

2.7 Immunofluorescence staining

1x10° cells were seeded on coverslips in 24-well plates. After
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transfection and apelin treatment, the cells were fixed in cold
methanol for 20 min and washed with PBS. Then, the cells
were permeabilized with 0.1% Triton X-100 for 1 h and washed
thoroughly with PBS, followed by blocking with goat serum at
room temperature for 40 min. Next, the cells were incubated with
primary antibodies overnight and subsequently incubated with
Alexa Fluor 488-tagged or Alexa Fluor 594-tagged secondary
antibodies (Life Technologies). After washing with PBS, the
nuclei were stained with DAPI (Beyotime Biotechnology,
Shanghai, China).

2.8 RNA extraction and quantitative real-time PCR

Total RNA was isolated from the tissues with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions"®. The amount of RNA was quantified with a Nano-
Drop 8000 Spectrophotometer (Thermo Scientific, Wilmington,
DE, USA). cDNA was generated using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA). Real-time PCR was performed on an ABI7500 FAST
real-time PCR System (Applied Biosystems) for 40 cycles.
After the reaction cycles, the threshold cycle (Ct) values were
determined, and the relative mRNA levels were calculated based
on the Ct values that were normalized to the glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) level in each sample.
Primer sets for apelin (5°-GATGCCGCTTCGATG-3'/5’-
ATTCCTTGACCCTCTGGGCT-3’) were provided by Invitrogen
(Carlsbad, CA, USA).

2.9 Western blot

Cells were lysed with radio immunoprecipitation assay (RIPA)
lysis buffer (Beyotime Biotechnology, Shanghai, China) with
a protease inhibitors cocktail. Approximately 100 pg of crude
protein was run on 10% SDS-PAGE gels for electrophoretic
separation, which were then transferred onto nitrocellulose
membranes (Merck Millipore, R7BA46025). The blots were
probed with primary antibodies for. FN-1 (Proteintech Group,
Wuhan, China; 1:1000), E-cadherin (Proteintech Group, Wuhan,
China; 1:500), Vimentin (CST, MA, USA; 1:1000), and GAPDH
as an internal control (Proteintech Group, Wuhan, China; 1:5
000) in PBS at 4°C overnight. The membranes were washed
with PBS-Tween 20 and then incubated with secondary antibody
(Alexa Fluor) at room temperature for 1 h. Finally, the western
blot bands were collected with an imaging system (Odyssey,
LICOR, USA) and quantified by measuring the intensity in each
group with Odyssey v1.2 Software (Odyssey, LICOR, USA).

2.10 MTT assay

Cell suspensions were seeded in 96-well culture plates for 12 h
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post transfection. MTT of 20 yL (5 mg/mL) was added to each
well (180 pL medium) and cells were maintained in the dark at
37 °C with 5% CO, for 4 h. After aspiration of the medium, 150
uL of dimethyl sulfoxide (DMSO) was added to each well, and
the resultant precipitate was dissolved by pipetting up and down
for 15 min. The absorbance of this solution was measured at a
wavelength of 490 nm.

2.11 Statistical analysis

The data were statistically analyzed using GraphPad Prism 8.0
software (GraphPad Software, San Diego, CA, USA) and are
expressed as the mean + SEM. One way analysis of variance
(ANOVA) followed by Bonferroni or Dunnett’s post-hoc test
was used for multiple group comparisons. The difference was
considered as statistically significant (P < 0.05).

3 Results
3.1 Apelin expression is upregulated in NSCLC

Hematoxylin and eosin (HE) staining assay was performed
to distinguish the tumorous tissue from the adjacent area
(Fig. 1A). To investigate the possible clinical significance of
apelin in NSCLC, we examined the expression of apelin using
IHC assay and found that apelin expression was obviously
higher in NSCLC tissues than in the paired adjacent tissues
(Fig. 1B). Consistently, qRT-PCR and western blot assays
demonstrated that both the mRNA and protein levels of apelin
were dramatically upregulated in NSCLC tissues compared with
those in the paired adjacent tissues (Fig. 1C and Fig. 1D). We
further evaluated apelin expression on various NSCLC cell lines
A549, H460, and H1299, and found that there was no significant
difference in the expression of apelin in the above three cells (Fig.
1E).

3.2 Apelin promotes NSCLC cells proliferation,
migration and invasion

To identify the potential role of apelin on NSCLC progression,
we tested three concentrations (0.5, 1, and 2 ymol/L) of apelin
for its effects on NSCLC proliferation and migration using MTT
and wound-healing assays in A549 cells (Fig. 2). Based the
results, apelin at a concentration of 1 ymol/L was used for the
subsequent experiments.

Next, we used A549 and H460 cells to examine the effect of
apelin on several features of cancer cells. MTT assay showed
that 1 ymol/L apelin treatment enhanced cell viability in both
A549 and H460 cells (Fig. 3A and Fig. 3B). Then, we tested the
autonomous migration ability of A549 and H460 cells by using
wound-healing assay. As shown in Fig. 3C and Fig. 3D, apelin
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Fig. 1 Exaggerated expression of apelin in NSCLC specimens
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(A) HE staining of human NSCLC tissues and matched adjacent tissues. (B) Representative IHC imaging of apelin in NSCLC tissues. Scale bar, 50 pmol/L. (C) gRT-PCR analysis of

apelin mRNA levels in human NSCLC tissues and paired adjacent tissues. N = 8, *P < 0.05. (D) Representative western-blot outcomes of apelin in 12 pairs of normal (N) and tumor

(T) samples of NSCLC; Scatter diagram on the right panel represents relative apelin expression. N = 12, *P < 0.05. (E) Western-blot assay of apelin protein levels in three NSCLC cell

lines was performed.
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Fig. 2 Effects of different concentrations of apelin on NSCLC
Effect of apelin on cell viability was evaluated by MTT assay in A549 (A) and H460 (B) cells. N = 5, *P < 0.05. (C) The wound-healing assay were used to identify the pro-
migration effect of apelin in A549 cells. N = 3, *P < 0.05.
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Fig. 3 Apelin promotes A549 and H460 cells proliferation, migration and invasion via APJ
MTT analysis of cell viability in A549 (A) and H460 (B) cells with apelin and APJ antagonist ML221. Wound-healing assays for A549 cells (C) and H460 cells (D) with apelin and

ML221 at 0, 24, 48 h after scratching. N = 6, *P < 0.05, **P < 0.01. Transwell assay detected the migration (E) and invasion (F) of A549 and H460 cells with apelin and ML221. Cell
counts were for the corresponding assays of at least four random microscope fields. N = 3, **P < 0.01.
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significantly accelerated the rate of wound closure in both A549
and H460 cells. Consistently, transwell assay further confirmed that
apelin promoted cell migration and invasion (Fig. 3E and Fig. 3F).

It is known that apelin can activate the apelin receptor APJ. We
used ML221, a functional antagonist of APJ, which binds to APJ
and blocks the activation of APJ. We found that ML221 alleviated
apelin-induced increases in cell viability, migration, and invasion
in both A549 and H460 cells (Fig. 3).

3.3 Apelin activates YAP1 and promotes its expression
in nucleus

Having clarified the role of apelin in A549 and H460, we set
out to explore the molecular mechanism. We have previously
demonstrated that YAP1 regulates the transcription of
Slug in a TEAD-dependent manner and promotes NSCLC
tumorigenesis!'™. We therefore proposed that apelin might
regulate YAP1-induced epithelial-mesenchymal transition
(EMT) in NSCLC. To examine the hypothesis, we conducted
immunofluorescence analysis and found that apelin upregulated
YAP1 expression, especially in nucleus (Fig. 4A and Fig. 4B).
Moreover, western-blot results also showed that apelin evidently
increased the protein level of YAP1 (Fig. 4C and Fig. 4D).

3.4 Apelin aggravates cell migration and invasion via
YAP1

To investigate whether YAP1 mediates the effect of apelin
on NSCLC cells migration and invasion, we used siRNA to
silence the expression of endogenous YAP1. MTT analysis
demonstrated that YAP1 siRNA abolished the proliferation-
promoting effect of apelin (Fig. 5A and Fig. 5B). Wound healing
assay confirmed that apelin markedly promoted cell migration,
whereas silence of YAP1 abrogated this effect. (Fig. 5C and
Fig. 5D). Moreover, the results from transwell assay revealed
that apelin increased the migration and invasion of A549 and
H460 cells, while knockdown of YAP1 reduced the migratory and
invasive capacity of NSCLC cells (Fig. 6A and Fig. 6B). These
results support that YAP1 mediates the oncogenic property or
more specifically the NSCLC-promoting action of apelin.

3.5 Apelin induced EMT progression by YAP1

To clarify whether apelin promoted EMT by regulating YAP1, we
examined the effect of apelin on EMT in both A549 and H460
cells with or without YAP1 siRNA. Western blot analysis showed
that the expression of epithelial marker E-cadherin was decreased,
whereas that of mesenchymal markers vimentin and FN-1 was
increased by apelin, which was reversed by YAP1 siRNA (Fig. 6A
and Fig. 6B). Consistent with this results, immunofluorescence
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assays showed that apelin inhibited the expression of Zo-1 and
increased the expression of vimentin, whereas these effect was
alleviated after silencing YAP1 (Fig. 6C and Fig. 6D).

4 Discussion

In the present study, we showed that apelin is a key regulator
of EMT and promotes the migration and invasion of NSCLC
cells. We demonstrated that inhibited YAP1 expression are
associated with alleviated EMT and NSCLC progression. Apelin
overexpression promotes the nuclear translocation of YAP1.
Moreover, apelin increased the migration and invasion of A549
and H460 cells by activating YAP1. Taken together, these results
indicate that apelin inhibition could be a novel strategy for the
treatment of NSCLC.

APJ is a member of the seven-transmembrane G protein-coupled
receptor (GPCR) family, and apelin is an endogenous ligand
of APJ and its C-terminal is the specific binding region of the
APJ receptor"®. Apelin triggers intracellular signaling pathway
by binding and activating its receptor APJ®. The apelin/APJ
pathway is found in many organs including heart, blood vessels,
lung, liver, brain and kidney"® where it plays a role in regulating
cell proliferation, apoptosis, glucose metabolism, infecting
cardiac function and angiogenesis. Apelin also regulates
the secretion of certain hormones, aging process, and fluid
homeostasis and produces neuroprotective effects®**”. Some
reports revealed that apelin stimulated the formation of migratory
protrusions and affected actin cytoskeleton rearrangement and
the proteolytic abilities of colon cancer cells?. The PAK1-cofilin
pathway mediates migration of human adenocarcinoma cells
induced by apelin/APJ?". According to the latest evidence, the
expression of apelin/APJ is increased in numerous cancers,
such as colon adenomas and adenocarcinomas, ovarian cancer,
cholangiocarcinoma, human hepatocellular carcinoma®.
However, the exact mechanism of apelin in regulating NSCLC
is unclear. Therefore, further study is warranted to examine
whether apelin could act as a predictor of NSCLC. In this study,
we examined the clinical samples from NSCLC patients and
found that the expression of apelin in NSCLC tumor tissues
was significantly higher than in the adjacent tissues. In vitro
experiments proved that apelin promoted the proliferation,
invasion, and migration of NSCLC cell lines A549 and H460.
Moreover, we found that ML221 alleviated apelin-induced cell
proliferation, migration, and invasion in both A549 and H460
cells. All these results suggest that apelin might be a potential
target for treatment of lung cancer.

Hippo signaling has been proven to contribute to the progression
of various diseases including cancer. Extensive research
implicates that the Hippo pathway is dysregulated in numerous
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Fig. 4 Apelin activates YAP1 signaling
(A and B) Immunofluorescence assays showed that the apelin upregulated YAP1 expression in nuclear in A549 and H460 cells. (C and D) Western-blot analysis showing the

expression of YAP1 in the presence of apelin treatment in A549 and H460 cells. N = 6, *P < 0.05, **P < 0.01.
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Cell viability in A549 (A) and H460 (B) cells with YAP1 silencing. N = 6, *P < 0.05. Wound-healing assays of A549 (C) and H460 (D) cells with YAP1 silencing at 0, 24,

48 h after scratching. N = 6, *P < 0.05. The migration and invasion abilities of A549 (E) and H460 (F) cells after transfection with YAP1 siRNA. Cell counts were for the
corresponding assays of at least four random microscope fields. N = 3, *P < 0.05.
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Fig. 6 Apelin regulates EMT program by modulating YAP1
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human cancers across the body
carcinoma (ccRCC), knockdown of YAP inhibited the cell cycle
process and increased cell apoptosis?”. The overexpression
of YAP/TAZ is closely related to the development, progression
and poor prognosis of NSCLC?®. The YAP/TAZ proteins are
highly enriched in the nucleus of actively proliferating cells in a
dephosphorylated form, which can enhance fundamental cellular
functions, including cell proliferation and tumorigenesis®. In this
study, we found that apelin increased YAP1 protein expression,
especially in nucleus.

EMT is an important process in promoting the invasion
and metastasis of cancer. Epithelial cells lose epithelial
characteristics and obtain a mesenchymal, highly invasive
phenotype during the EMT progression®. Loss of cell polarity
is a hallmark of cancer and an initial step in EMT, a trans-
differentiation program whereby epithelial cell acquired a more
spread, migratory and fibroblast-like shape. As oncoproteins,
YAP/TAZ promote cell proliferation, transformation, and
cancer cell stemness®". Overexpression of YAP in human
non-transformed mammary epithelial cells induced EMT, and
upregulation of TAZ expression in mammary cells leads to the
acquisition of a spindle-shaped morphology and increased
cell migration and invasion®. The canonical mechanism for
the action of YAP is the regulation of a phosphorylated kinase
cascade of the Hippo pathway downstream GPCR, Kibra,
TAO1/2/3 kinase, AMPK and MAPK signaling®. Abnormal GPCR
signaling is an important mechanism of cancer development®”,
Studies have found that GPCRs are powerful inducers of the
YAP carcinogenic pathways®. And recent studies suggested
that the Hippo pathway was a downstream branch of GPCR
signaling. GPCRs mediated signals can positively or negatively
modulate YAP/TAZ activity, which depended on the nature
of signals, receptors, and adaptor proteins"**®. We have
demonstrated for the first time that YAP1 promoted NSCLC
tumorigenesis by regulating the transcription of Slug!.
Therefore, we assume apelin can regulate EMT progress
through YAP1. As we expected, epithelial marker E-cadherin was
decreased and mesenchymal markers FN-1 and vimentin was
increased after the treatment of apelin, while knockdown YAP1
decreased the EMT program of A549 and H460 cells induced by
apelin.

In the recent years, the Hippo pathway has attracted much
attention due to its role in organ size control and tumorigenesis.
GPCRs are the largest cell membrane receptor family, which
can regulate a series of downstream signaling mediators,
including Hippo pathway effectors YAP/TAZ. For cancers with a
dependency on high YAP/TAZ activity, drugs targeting GPCRs
and G proteins may reduce YAP/TAZ activation and slow the
progression of cancer®'. The GPCR-Hippo signaling axis may
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become a promising target for anti-cancer therapy, but it still
needed further research. Our studies show that apelin related
to the carcinogenesis and cancer metastasis, providing a new
target for the establishment of novel anti-cancer therapy.

People in cold regions are susceptible to polycyclic aromatic
hydrocarbons (PAH) that can be produced by burning coal for
keeping warm. Inhaled PAH mainly distributed in the alveoli,
and the metabolites of PAH may alter DNA replication and
transcription which probably induce neoplasms, thus leading to
elevated risk of getting lung cancer.

Taken together, this study demonstrated that apelin promoted
the proliferation, migration and invasion progression of NSCLC
cells through inducing EMT process via regulating YAP1. In
addition, interfering with apelin expression might be a novel
strategy for the prevention and treatment of NSCLC.
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