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Abstract. Background/Aim: Colon cancer is the second
deadliest malignancy for human. Its correlation with obesity
has led to an increasing number of studies focusing on the
role of adipokines in colon cancer development. Apelin,
which belongs to the family of adipokines, affects several
pathological processes, including heart diseases, obesity and
carcinogenesis. In this study, we examined the importance of
apelin and apelin receptor (APJ) during motility regulation
of colon cancer cells. Materials and Methods: Colon cancer
cells with overexpression of apelin receptor, as well as cells
with down-regulation of apelin were used in this study.
Migration and invasion ability was tested using Transwell®
filters. The proteolytic activity was analyzed with fluorescent-
substrate degradation assay and gelatin zymography. We also
used confocal microscopy to examine migratory protrusion
formation and the localization of MTI-MMP. The levels of
AKT and ERK kinases were evaluated using Western blotting
assay. Results: Overexpression of APJ receptor resulted in
increased migration and invasion abilities through
stimulation of migratory protrusion formation and proteolytic
activity. These processes were mediated by PISK/AKT and
MAPK signaling pathways. Opposite effect was obtained
when the level of apelin was down-regulated. Conclusion:
The level of apelin and its receptor is strictly connected with
regulation of migration and invasion of colon cancer cells.
Therefore, apelinergic system seems to be a promising target
for anti-cancer therapy.
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Colorectal cancer (CRC) is the second deadliest malignancy
for all the human population. The lifetime risk of developing
CRC is about 1 in 23 for men and 1 in 25 women, while it
has been shown that it is strongly associated with
environmental and lifestyle factors, such as diet, tobacco,
alcohol, androgen deprivation therapy, and obesity (1). A
meta-analysis showed that elevated body mass index (BMI)
is positively correlated with CRC development. There are
several evidences for this association including changes in
insulin-like growth factor 1 signaling, sex hormones, systemic
inflammation and altered expression of adipokines (2).
Adipose tissue not only regulates energy homeostasis, but
is also a part of endocrine system secreting adipokines,
growth factors, cytokines and chemokines. Adipokines are
essential mediators of various metabolic processes, such as
gluconeogenesis, glucose uptake, insulin signaling and fatty
acid oxidation. During the development of obesity, the excess
of adipose tissue results in increased adipokines secretion,
that lead to protection against some of the adverse metabolic
consequences of obesity (3). However, several studies have
shown that increased level of adipokines, such as apelin,
could be connected with higher probability to develop cancer,
including gastroesophageal cell carcinoma (4), gastric cancer
(5), non-small cell lung carcinoma (6), bladder cancer (7),
prostate cancer (8), ovarian cancer (9), and breast cancer (10).
The apelin-encoding gene (APLN) is located on
chromosome Xq25-26.1 and encodes the 77-amino acid
preproapelin. This prepropeptide may generate several apelin
fragments: a 36-amino acid peptide (apelin-36), a 17-amino
acid peptide (apelin-17) and a 13-amino acid peptide (apelin-
13). The latter may undergo pyroglutamylation at its N-
terminal glutamine residue producing the [Pyr1]apelin-13 form,
what protects it from exopeptidase degradation (11, 12). Apelin
is a ligand for the G protein-coupled receptor APJ, encoded by
the APLNR gene. Both apelin and APJ create the apelinergic
system and are involved in many physiological processes such
as regulation of cardiovascular function, angiogenesis, fluid
homeostasis and energy metabolism (13). Under pathological
conditions, apelin and APJ might be related with the regulation
of tumor growth, cancer cell migration, and even metastasis
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induction. Various apelin fragments could stimulate migration
and invasion of different types of cancer cells, such as human
lung adenocarcinoma (14), gastric cancer (5), and oral
squamous cell carcinoma (15) through the mitogen-activated
protein  kinase/extracellular  signal regulated kinase
(MAPK/ERK) and phosphatidyl inositol 3-kinase/protein
kinase B (PI3K/AKT) signaling pathways (13).

Our previous study indicated the increased level of apelin
and its receptor in histologically confirmed colorectal cancer
samples in comparison to normal tissue. Moreover, we
noticed a strong correlation between apelin serum level and
stage of CRC progression (16). Furthermore, we
demonstrated that exogenous apelin added to the culture
medium increases the migration and invasion abilities of
colon cancer cells. Several apelin peptides were used to
show that this adipokine stimulates the migratory protrusion
formation, as well as proteolytic activity of the examined
cells (17). Moreover, several other studies have examined the
effect of apelin on cancer cell biology, by adding
recombinant apelin to the culture medium (14, 18-21),
omitting the fact that cancer cells also express and secrete
this adipokine. Therefore, the aim of this study was to
analyze whether overexpression of APLNR and silencing of
APLN gene affect colon cancer cell migration.

Materials and Methods

Chemicals and reagents. Antibodies against ezrin were from Sigma
(St. Louis, MO, USA), pAKT, AKT and GAPDH from Santa Cruz
Biotechnology (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), pERK, ERK and horseradish peroxidase (HRP)-conjugated
secondary antibodies from Cell Signaling (Danvers, MA, USA),
MT1-MMP from Merck Millipore (Darmstadt, Germany). The
secondary antibodies Alexa Fluor® 488 goat anti-rabbit
immunoglobulin G (IgG), Phalloidin Alexa Fluor® 568 and Hoechst
33342 were from Invitrogen (Carlsbad, CA, USA). Matrigel™ was
from Corning® (New York, NY, USA).

Cell culture. The human colorectal carcinoma cell line LS180 was
obtained from Deutsche Krebsforschungzentrum, Heidelberg,
Germany. The cell line was confirmed by LGC Cell Line
Authentication Service. Cells were grown in MEM-o medium
(Corning®, New York, NY, USA) containing 10% fetal bovine
serum (FBS), 2 mM glutamine and antibiotics (100 U/ml penicillin,
100 pg/ml streptomycin) (Sigma, St. Louis, MO, USA). Cells were
cultured in tissue culture flasks (Sarstedt Inc., Sarstedt, Germany)
at 37°C in a 5% CO,, 95% humidified atmosphere and passaged
twice a week using 0.25% trypsin/0.05% EDTA solution (IITD
PAN, Wroctaw, Poland).

Transfection procedure. Cells were transfected with pCMV3-
APLNR-Flag plasmid (Sino Biological Inc., Beijing, PR China) or
empty pCMV plasmid (MOCK) constituted control cells. To silence
the APLN gene, cells were transfected with 29-mer small hairpin
RNA (shRNA) constructs directed against human apelin or 29-mer
non-targeting shRNA (shCTRL), which were purchased from
OriGene (Rockville, MD, USA). Lipofectamine 3000 (Invitrogen,
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Carlsbad, CA, USA) was used to transfect the cells according to the
manufacturer’s protocol. Transfected cells were selected for 2 weeks
using antibiotics: hygromycin (I mg/ml) or puromycin (1 pg/ml)
(Santa Cruz Biotechnologies, Santa Cruz, CA, USA) for pPCMV or
shRNA constructs, respectively. Expression of APJ and apelin in all
obtained cells was monitored by real-time PCR and ELISA methods.

gRT-PCR analysis of gene expression. To measure the expression
level of APJ and apelin in the obtained cell lines, total RNA was
isolated using the Universal RNA Purification Kit (EurX, Gdansk,
Poland), following the manufacturer’s protocol. After DNase I
(EurX, Gdansk, Poland) treatment, reverse transcription reaction
was performed with 0.5 pg of RNA and the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA,
USA) following the manufacturer’s instructions. Apelin and apelin
receptor mRNA expression levels were determined with a real-time
PCR reaction using StepOne Plus Real-Time PCR (Applied
Biosystems, Foster City, CA, USA). The qPCR reaction mixture
contained 3 ul cDNA, 5 pl TagMan™ Fast Universal PCR Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA), 0.5 ul
TagMan™ MGB Probe [glyceraldehyde 3 phosphate dehydrogenase
(GAPDH): Hs02758991_gl1, APLN: Hs00936329_m1, APLNR:
Hs00270873_s1] (Thermo Fisher Scientific, Waltham, MA, USA)
and 1.5 pl water. Relative quantification of gene expression was
calculated based on the comparative CT (threshold cycle value)
method (ACT=CT gene of interest — CT housekeeping gene) (22).
Three independent experiments were performed for all cell lines.

Migration and invasion assay. Cell migration and invasion assays
were performed with Transwell™ filters (BD Biosciences, Franklin
Lakes, NJ, USA) placed in 24-well plates. Before the experiment,
cells were starved in serum-free MEM-a medium for 6 h. Next, cells
were seeded (5x104 cells/well) in serum-free MEM-a directly onto
rehydrated Transwell™ insert for migration or coated with Matrigel™
(0.5 mg/ml in serum-free MEM-o. medium) for invasion assay. The
lower part of the well was filled with MEM-a. medium containing
20% FBS and 5 nM EGF was used as a chemoattractant for migration
or invasion assay, respectively. After 24 h, cells that migrated through
the membrane were fixed with 4% formaldehyde, stained with
Hoechst 33342 and counted using fluorescent microscope. The results
are showed as a relative migration or invasion factor (% of control).
The experiments were performed three times and each independent
experiment consisted of three replicates.

Western blotting assay. Twenty-four hours after cell seeding onto 6-
well plates, cells were lysed on ice with RIPA lysis buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0,1% SDS, 1 mM EDTA) or urea buffer (50 mmol/l
TRIS-HCI pH 7.4, 5% SDS, 8.6% sucrose, 1 mmol/L DTT, 0.45%
urea) supplemented with protease and phosphatase inhibitors
cocktails (Sigma, St. Louis, MO, USA) for ezrin or kinase level
determination, respectively. After three frozen-thawed cycles and
centrifugation in 12,000 x g, 10 min, 4°C, supernatants were
collected, and the protein concentration was determined by Bradford
procedure (23). Identical protein quantity was separated by sodium
dodecyl sulphate—polyacrylamide gel (10% acrylamide/bis)
electrophoresis (SDS-PAGE) and transferred onto nitrocellulose
membranes (GE Healthcare, Chicago, IL, USA). After transfer, total
protein was estimated by Ponceau S staining. Target proteins were
probed with specific antibodies and detected using Western blotting
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Luminol Reagent (Bio-Rad, Hercules, CA, USA) under ChemiDoc
(Bio-Rad, Hercules, CA, USA) and analyzed with ImageLab
software (ver. 6.0, Bio-Rad, Hercules, CA, USA). The experiments
were performed three times.

APJ and apelin protein level determination. The concentrations of
human apelin-36 and human apelin receptor in the cell lysates were
measured with commercially available enzyme-linked immunosorbent
assay (ELISA) kits (apelin-36: MBS2021970, apelin receptor:
MBS089535, MyBioSource Inc., San Diego, CA, USA) according to
the manufacturer’s instructions. The sensitivity of the apelin assay
was 2.63 pg/ml and the apelin receptor assay was 1.0 ng/ml.

Fluorescent staining. Twenty-four hours after cell seeding onto
sterile coverslips in 24-well plates, cells were fixed with 4%
formaldehyde and permeabilized with 0.1% Triton X-100. Then,
coverslips were blocked with 1% bovine serum albumin and
incubated with specific primary antibodies overnight in 4°C. Next,
the cells were washed three times in PBS and incubated with
Phalloidin Alexa Fluor® 568, Hoechst 33342 and secondary
antibodies conjugated with Alexa Fluor® 488 for 1 h in room
temperature. After washing with PBS, coverslips were mounted in
Dako® cytomatic fluorescent mounting medium (Agilent
Technologies, Santa Klara, CA, USA). Stained cells were visualized
using confocal laser scanning microscope, Leica SP8, with LasX
3.3.0 software (Leica, Wetzlar, Germany). Images were processed
using Image] software. Blebs quantification was calculated as a
percent of cells forming blebs for 100 cells and recalculated as a
percent of control. The experiments were performed three times.
The number of MT1-MMPs positive signals was calculated for 100
cells using Imagel] software and quantitative analysis of focal
adhesion protocol and presented as a percent of control.

Gelatin zymography. Gelatin zymography was performed to
determine the activity of secreted metalloproteases in conditioned
media. The media were collected after starvation of the cells for 48
h in serum-free MEM-a medium. Then, the media were concentrated
with Amicon® Ultra-4 centrifugal filters (Merck Millipore,
Darmstadt, Germany) and stored in —20°C. Samples were separated
in SDS-polyacrylamide gels containing 1 mg/ml gelatin. Obtained
gels were stained with Coomassie Brilliant Blue G-250 (Sigma, St.
Louis, MO, USA), and metalloproteases (MMPs) activity was
detected as transparent bands present on the blue background. The
activity of MMPs was detected using ChemiDoc (Bio-Rad, Hercules,
CA, USA). The experiments were performed three times.

Fluorescent-substrate degradation assay. The experiment was
carried out using previously described protocol (24). Poly-L-lysine
coated coverslips (BD Biosciences, Franklin Lakes, NJ, USA) were
washed with PBS and fixed with 0.5% glutaraldehyde for 15 min.
Next, coverslips were coated with FITC-conjugated gelatin
(Invitrogen, Carlsbad, CA, USA) for 10 min. After wash with PBS,
coverslips were incubated with sodium borohydride for 1 min and
washed again with PBS. To determine the proteolytic activity, cells
were seeded onto prepared coverslips (5x104 cells) and grown for
24 h. Then, cells were fixed with 4% formaldehyde and stained with
Phalloidin Alexa Fluor® 568 for filamentous actin detection. Images
were collected using confocal laser scanning microscope, Leica
SP8, with LasX 3.3.0 software. Images were analyzed through
quantification of darker areas with lack of fluorescence, which

reflects activity of ECM degrading proteases using ImageJ software
(25). The results were calculated for 100 cells as a percent of cells
digesting gelatin. The experiments were performed three times and
data were presented as a percent of control.

Statistical analysis. All statistical analyses were performed using the
Statistica v. 13.0 software (StatSoft Inc., Tulsa, OK, USA). Data are
presented as meanzstandard deviation (SD) of three independent
experiments. Statistical significance was determined using Student’s
t-test; the threshold for significance was set at p<0.05.

Results

Characterization of generated cell lines. In our previous
study we presented the influence of exogenous apelin
peptides on invasiveness of the colon cancer cell lines
LS180, EB3, 3LNLN and 5W. Various fragments of apelin
were added to the culture medium and increased migration
and invasion abilities of tested cells, through stimulation of
migratory protrusion formation and proteolytic facilities
activation (17). Therefore, in this study we aimed to examine
the influence of endogenous apelinergic system on invasion
of colon cancer cells. We used LS180 cells to produce cell
line with up-regulated apelin receptor and a cell line with
down-regulated apelin expression, since we observed that
LS180 cells have low APJ and high apelin expression levels.
The generated cells with up-regulated APLNR expression
(APJ) and control cells transfected with empty plasmid
(MOCK) were analyzed at mRNA and protein level, which
confirmed overexpression of APLNR in the transfected cell
lines (Figure 1A, C). Cell line with lowered expression of
APLN gene (shAPLN) was produced using shRNA-based
method. Stable down-regulation of apelin expression in the
obtained cells in comparison with cells transfected with non-
targeting shRNA (shCTRL) was validated at mRNA and
protein level (Figure 1B, D).

Regulation of apelin and APJ expression affected
migratory abilities of colon cancer cells. Several studies have
suggested that apelin can be involved in the regulation of
cancer cell migration. Therefore, we tested the migratory
abilities of the transfected colon cancer cells. In LS180 cells,
up-regulation of apelin receptor expression resulted in
increased migration ability in comparison to MOCK cells
(1.67-fold increase, p=0.0035), while the opposite effect was
observed in the case of shAPLN cells with down-regulated
apelin level (2-fold decrease, p=0.0003) (Figure 2A). The
same results were obtained during assesment of invasion (for
APIJ cells: 2.05-fold increase, p=0.0004; for shAPLN cells:
2.57-fold decrease, p=0.0006) (Figure 2B). Migration ability
is usually associated with the formation of migratory
protrusions. LS180 cells are characterized by rounded
morphology and facility to form spherical “blebs”
protrusions (26). To verify whether APJ and apelin
expression levels could also affect the formation of

153



ANTICANCER RESEARCH 417: 151-161 (2021)

A
& 0.8 S
QI
®
ggo.s
S
x O
$E 04
%<0.2
o
0.0 T T
MOCK APJ
C
4
% . k%
cL 3 I
s8F
S 3
-5 2
e
3=
58 1
]
0 T
MOCK APJ

o)

ion

APLN/GAPDH
n
X
—
=)
I

Relative express
-
X
—_
o
IS

o

shCTRL shAPLN

O
8

(23
(=]

apelin [ng/mi]
N
o

Concentration of

=N
(=)

*kk
shAPLN

shCTRL

Figure 1. Expression level of apelin (APLN) and apelin receptor (APJ) in the generated variants of LS180 colon cancer cells. Result of gRT-PCR
analysis of (A) APLNR or (B) APLN gene expression is shown as the mean of three independent experiments [relative expression compared to
glyceraldehyde 3 phosphate dehydrogenase (GAPDH) +SD)]. ELISA results of (C) APJ or (D) apelin protein level in generated cell lines. Protein
level expressed ad the mean of three independent experiments. p<0.001 (***).

migratory protrusions, the marker of blebs, ezrin, and
filamentous actin, which is responsible for a shape of the
cell, were both examined by immunocytochemistry (Figure
2C). Fluorescence staining showed increased number of cells
forming blebs in cells with overexpression of APJ (4-fold
increase, p=0.0008) and decreased number in ShAPLN cells
(1.63-fold decrease, p=0.0271), which was confirmed by
quantification of the number of cells forming blebs (Figure
2D). Additionally, the level of ezrin was determined using
Western blotting method. We observed augmented level of
blebs marker in APJ cells (2.38-fold increase, p=0.0002),
whereas no significant difference was observed in shAPLN
cells (Figure 2E).

The effect of apelin and its receptor on the proteolytic
abilities of colon cancer cells. Invasiveness of cancer cells,
as well as the capability to metastasize, is connected with
their ability to digest the elements of ECM (26). Therefore,
the proteolytic activity of the generated cell lines was
determined using gelatin-FITC degradation assay (Figure
3A). The obtained data showed increased ability to digest the
gelatin in cells with up-regulated expression of apelin
receptor (3.26-fold increase, p=0.0042). Down-regulation of
apelin resulted in decreased proteases activity (3.23-fold
decrease, p=0.0006). Quantification of cells digesting gelatin
confirmed previous observations (Figure 3B). Moreover, we
performed gelatin zymography using concentrated
conditioned media, which is another method to analyze the
proteolytic activity of the cells (Figure 3C). Overexpression

154

of APJ resulted in increased activity of MMP-2 (1.37-fold
increase, p=0.0034) and MMP-9 (1.28-fold increase,
p=0.0262). In case of shAPLN cells, the level of MMP-2
was decreased (2.86-fold decrease, p=0.0002). Densitometric
measurements confirmed our observation, while in ShAPLN
cells, the level of MMP-9 was also decreased compared to
the control (2.99-fold decrease, p=0.0003) (Figure 3D). After
analysis of secreted metalloproteases, we intended to
examine the influence of apelin and its receptor on the level
of membrane-type metalloprotease (MT1-MMP), different
enzyme important for cancer invasiveness, using
immunocytochemistry (Figure 4A). The level of MT1-MMP
in APJ cells was higher than in MOCK cells (5.78-fold
increase, p=0.0001), whereas in shAPLN cells the expression
of this metalloprotease was decreased (2.17-fold decrease,
p=0.0001), which was confirmed by quantification of the
number of MT1-MMP positive signals (Figure 4B).
Influence of apelin and APJ expression on activation of
signaling pathways. To verify that apelin and APJ stimulate
migration and invasion of colon cancer cells through
MAPK/ERK and PI3K/AKT signaling pathways, we tested
the levels of phosphorylated forms of AKT and ERK kinases.
In cells with up-regulated expression of apelin receptor the
levels of active, phosphorylated forms of AKT and ERK
kinases were augmented (Figure 5A), whereas the ratios of
phosphorylated to total kinases level were similar in control
and altered cells (Figure 5B). In cells with down-regulated
level of apelin we did not observe any significant change in
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Figure 2. Migration and invasion abilities of colon cancer cells with altered level of apelin and apelin receptor (APJ). (A) Migration of cells
seeded onto Transwell filters for 24 h. (B) Invasion of cells seeded onto the layer of Matrigel in Transwell filters for 24 h. Relative
migration/invasion factor was calculated versus control cells, where number of migrating control cells is set as 100%. Results are expressed as
the mean=SD of three independent experiments. (C) Representative localization of ezrin (green), filamentous actin (red) and nuclei (blue) in
generated cell lines. Arrowheads indicate migratory protrusions. Scale bars - 10 um. (D) Quantification of the number of cells forming blebs
shown as a percent of control cells, where number of control cells forming blebs is set as 100 %. Results are expressed as the mean+SD of three
independent experiments. (E) Representative Western blot and (F) densitometric analysis for level of ezrin in tested cells. The glyceraldehyde 3
phosphate dehydrogenase (GAPDH) level was shown as a loading control. Results are expressed as the mean+SD of three independent experiments.
p=<0.05 (*), p<0.01 (**), p<0.001 (***).
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Figure 3. Proteolytic activity of colon cancer cells with modified apelin receptor (APJ) and apelin expression level. (A) The proteolytic activity of
cells (shape of the cell - filamentous actin - red) using FITC-conjugated gelatin (green). Gelatin degradation areas visualized as the dark spots are
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Figure 4. Impact of apelin and apelin receptor (APJ) expression on membrane type I-matrix metalloproteinase (MT1-MMP) level in LS180 cells.
(A) The localization of MT1-MMP (black spots) in tested cells. Scale bars - 10 um. (B) Quantification of the number of MT1-MMP positive signals.
Results are expressed as the mean+SD of three independent experiments. p<0.05 (*), p<0.01 (**), p<0.001 (**%*).

the levels of AKT and ERK kinases (Figure 5C, D).
Discussion

Overweight and obesity are defined by a World Health
Organization (WHO) as an abnormal or excessive fat
accumulation that present a risk to health. Nowadays, nearly a
third of human population is classified as overweight or obese
(27). Obesity is correlated with risk of several morbidities, such
as type 2 diabetes, hypertension, stroke, coronary artery disease,
asthma, osteoarthritis, pulmonary embolism, and cancer (28).
Hormones released by adipocytes, called adipokines, play a key
role in several physiological processes, including energy
balance, appetite regulation, insulin sensitization, inflammatory
response and vascular homeostasis (29).

Apelin is a secreted peptide that belongs to the family of
adipokines (11). Several studies have demonstrated a
potential link of apelin with obesity. In obese women the
level of serum apelin was significantly increased in
comparison to healthy controls and was positively correlated
with abnormal metabolic parameters (30). The same result
was observed in children, where serum level of apelin was
higher in obese patients than in the control group (31). The
correlation between obesity and cancer development is quite
clear in human populations and being overweight increases
the probability to develop cancer 1.5 to 2.4-fold (32). In
obese men with colon cancer, the level of plasma apelin was
significantly increased compared to healthy individuals (33).
Moreover, tumor-associated apelin-36 was positively

correlated with the concentration of apelin receptor, while
both expression levels were higher in colon cancer in
comparison to healthy tissue (16). Additionally, this
adipokine can stimulate tumor growth and proliferation of
several types of cancer, including non-small cell lung cancer
(34), prostate cancer (35), ovarian cancer (9), and
cholangiocarcinoma (20). Numerous studies have indicated
that the apelinergic system can be involved in migration and
invasion of cancer cells, however the mechanism of its
precise action is still unclear (13).

Migration and invasion of cancer cells are crucial
processes during cancer development and spreading. Apelin
has been shown to stimulate migration of gastric cancer cells
(5), oral squamous cell carcinoma cells (36), and human lung
adenocarcinoma cells (14). Moreover, apelin-13 has been
demostrated to induce lymph node metastasis of implanted
apelin-overexpressing melanoma cells in mice (37). Herein,
migration assay revealed that up-regulation of APJ
expression increased the ability of colon cancer cells to
migrate, whereas cells with down-regulated apelin migrated
poorly in comparison to control cells. The same results were
obtained in a previous study on ovarian cancer cells, where
overexpression of APJ led to increased migration of cells
(38). In that study, up-regulation of apelin receptor was also
associated with invasion and metastasis of ovarian cancer in
vivo (38). Additionally, high expression of APLNR in
hepatocellular carcinoma has been shown to be related with
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Figure 5. Effect of altered expression of apelin and apelin receptor (APJ) on activity of protein kinase B (AKT) and extracellular signal regulated
kinase (ERK). Representative Western blot and densitometric analysis of kinases level in cells with overexpression of apelin receptor (A, C) or
down-regulation of apelin (B, D). Detection of glyceraldehyde 3 phosphate dehydrogenase (GAPDH) serves as a loading control. Results are

expressed as the mean+SD of three independent experiments.

microvascular invasion and intrahepatic metastasis (39).
Moreover, apelin down-regulation has been shown to reduce
metastasis of breast and lung cancer (40). Therefore, we
investigated the invasion abilities of cancer cells with altered
expression levels of APJ and apelin. Cells overexpressing
APJ were characterized by increased ability to invade
compared to the control cells. The opposite effect was
observed in knocked-down APLN cells, which had decreased
invasion facilities.

Migration of the cells is often connected with migratory
protrusion formation. Cells characterized by rounded
morphology are usually able to form specific protrusions
called “blebs”. These actin-rich structures can be formed
relatively fast, suggesting that this protrusion type displays a
capacity to explore the extracellular environment (41).
Microscopic observations and quantification of cells forming
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migratory structures showed that down-regulation of apelin
led to decreased ability to form blebs in comparison to control
cells, in contrast to cells overexpressing APJ. Similar results
were obtained in colon cancer cells. The number of cells
forming blebs was increased, when the cells were stimulated
with different apelin peptides, suggesting that apelinergic
system is important in this process (17). We also determined
the level of ezrin, which belongs to the family of actin-binding
proteins and is essential during blebs formation. Together with
other anchored proteins like radixin and moesin, ezrin
interacts with plasma membrane leading to detachment of the
membrane from actin filaments and formation of spherical
membrane protrusion by intracellular pressure (42).
Expression of bleb marker was augmented in APJ cells,
however we did not observe any significant change in the
level of ezrin in cells with down-regulated apelin. All these
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findings indicate that apelin/APJ system is important in
regulation of migration and invasion of colon cancer cells.

Invasion of cancer cells is correlated with proteolytic activity.
The ability of cells to digest ECM and invade through it is
crucial process during metastasis development (43).
Overexpression of APJ in colon cancer cells led to increased
ability to digest gelatin in comparison to MOCK cells. On the
other hand, down-regulation of apelin expression resulted in
decreased activity of proteolytic enzymes, which was confirmed
quantitatively. Since apelin is able to activate MMP-9 in gastric
cancer (5), we performed gelatin zymography to test the level
of MMP-9 and MMP-2. These enzymes are secreted gelatinases
with the ability to cleave many different substrates, including
ECM elements, cytokines or growth factors, that in turn regulate
signaling pathways associated with migration and invasion
processes (44). The activity of these proteases was decreased in
shAPLN cells and was higher in APJ cells, compared to the
control cells. Another metalloprotease crucial for cellular
invasion is MT1-MMP which is overexpressed in many tumors
(45). The expression of MT1-MMP is connected with poor
prognosis in patients with advanced neuroblastoma, small cell
lung cancer, head and neck carcinoma, bladder cancer, breast
cancer, and ovarian cancer (45). The number of MT1-MMP-
positive signals was increased in cells overexpressing APJ,
whereas down-regulation of apelin lead to decreased MT1-
MMP level. All these data suggest that the expression levels of
apelin and APJ expression level is important in proteolytic
activity regulation of colon cancer cells.

The obtained results indicate that apelin and its receptor
are both implicated in the regulation of migration and
invasion processes by modulation of proteolytic abilities of
colon cancer cells. Therefore, we tested whether altered
expression of apelinergic system influences the activation of
MAPK/ERK and PI3K/AKT signaling pathways, which are
connected with the regulation of cell movement (46, 47). In
cells with overexpression of APJ, the levels of both
phosphorylated and total kinases AKT and ERK were
augmented; however, the ratios of phosphorylated to total
protein level of tested kinases were stable in both control and
transfected cells, suggesting that overexpression of apelin
receptor increases the expression level of AKT and ERK
kinases, whereas the activation of signaling pathways is still
the same. Our results are in line with previous studies, in
which overexpression of APJ in ovarian cancer cells resulted
in increased level of pAKT and pERK (38). Interestingly, the
level of kinases was not altered in cells with down-regulated
apelin expression. The level of ezrin was also stable in
control and modified cells. It could be connected with the
fact that apelin is not the only ligand that can activate the
APJ receptor (48). Apela, which shares little sequence
homology with apelin, has been recently identified as a
second endogenous APJ receptor ligand (48). Therefore, the
expression level of AKT and ERK kinases, as well as ezrin,

could be the same after compensation of the loss of apelin
with apela secretion. Moreover, apelin classified as a ligand
could not have the same significant impact on signaling
pathways as APJ classified as a G-protein-coupled receptor.
In conclusion, our study presents the effect of apelin and
APJ protein level on the invasion ability of colon cancer
cells. The obtained data suggest that not only secreted apelin,
but also activation of endogenous apelinergic system is
strictly connected with migration and invasion abilities of
colon cancer cells, mostly because of the migratory
protrusion formation and proteolytic activity regulation.
Moreover, these processes are mediated via MAPK/ERK and
PI3K/AKT signaling pathways. Therefore, apelin and its
receptor present promising targets for anti-cancer therapy
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