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Effects of silencing endothelin-1 on invasion
and vascular formation in lung cancer
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Abstract. Endothelin-1 (ET-1), which exists not only in the
vascular endothelium but is also widely present in various
tissues and cells, is an important cardiovascular regulatory
factor that serves an important role in maintaining the basal
vascular tone and homeostasis in the cardiovascular system. In
the present study, the ET-1 gene was silenced by RNA inter-
ference, and the effects on lung cancer cell proliferation and
tumor cell invasion were then detected by Cell Counting kit-8
and Transwell assays. In addition, the expression of apoptosis,
growth and invasion-associated proteins, including RhoA/C,
vascular endothelial growth factor, pigment epithelium-derived
factor, AKT, E-cadherin and cyclooxygenase-2 was evaluated
by western blotting upon silencing ET-1. In the present study,
Endostar, a recombinant human endostatin injectable drug,
was also used, and it was assessed whether the sensitivity of
tumor cells to this drug could be increased by silencing ET-1.
Both in vivo and in vivo tests were carried out in the present
study. The experimental data indicated that ET-1 silencing can
inhibit tumor cell proliferation and invasion, particularly in the
presence of Endostar.

Introduction

Lung cancer is one of the most common malignant tumors
and health hazards worldwide. It is also one of the world's
fastest rising cancers in terms of morbidity and mortality (1).
The majority of lung cancer patients present with a late-stage
disease when they are diagnosed, which is not curable by
current therapies. Cancer is an extremely complex process,
and a variety of genes are involved in the completion of this
multi-step process (2). Preventing the invasion and metastasis
of lung cancer, which affects failure treatment and mortality in
patients with lung cancer, is currently the key to the treatment
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of lung cancer (3). Despite the fact that numerous novel thera-
peutic interventions have been performed, lung cancer remains
a serious healthcare problem, and its incidence and mortality
have continuously increased during the last decade (4).
Therefore, an effective and safe method for the treatment of
lung cancer is required.

Endothelins (ETs), a class of peptides produced by endo-
thelial cells, have a strong vasoconstrictor effect (5). ETs
are composed of 21 amino acids, and four isomers (peptide
isoforms), namely ET-1, ET-2, ET-3 and ET-4, have been
identified in the ET family (6). Since their discovery by
Yanagisawa et al in 1988 (7), multiple studies have demon-
strated that ETs not only are able to strengthen the contraction
of vascular and cardiac muscle as well as promote the neuro-
endocrine function, but are also powerful pro-growth and cell
differentiation factors (8). ETs have a cell growth factor-like
effect that can promote DNA synthesis, proto-oncogene
expression and cell proliferation. In addition, ETs can induce
angiogenesis during tumor growth (6). At present, the majority
of studies focus on ET-1 due to its strong biological activity (9).
ETs serve an important role in the development of tumors,
since they can activate proto-oncogenic genes as well as
promote cell division and proliferation in collaboration with
other growth factors (10). In addition, the activation of onco-
genes mediated by ETs promotes cell proliferation and serves
an important role in the development of tumors (6). ET-1 can
promote tumor angiogenesis directly or indirectly via the
paracrine route (11). Previous studies have shown that ET-1 is
highly expressed in lung cancer and is involved in lung cancer
cell proliferation (12). However, the association between ETs
and tumors' growth and metastasis has not been fully clarified
yet.

Endostar, a modified recombinant human endostatin,
demonstrated a better effect on vasoconstrictivity than
endostatin, and has been widely studied for the treatment of
diseases caused by pathological angiogenesis (13). Extensive
studies revealed that Endostar significantly inhibited cell
proliferation, migration and invasion in a dose-dependent
manner (13). Thus, in the present study, Endostar was used as
a positive control drug during the experiments.

In the present study, ET-1 was silenced via RNA inter-
ference (RNAI), and the proliferation of A549 cells and the
expression of apoptosis, growth and invasion-associated
factors, including RhoA/C, vascular endothelial growth factor
(VEGF), pigment epithelium-derived factor (PEDF), AKT,
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E-cadherin and cyclooxygenase (Cox)-2, were then examined.
It was observed that ET-1 RNAI can inhibit A549 cells prolif-
eration and invasion more effectively than Endostar, which
suggested that ET-1 RNAi may be a new effective strategy to
treat lung cancer.

Materials and methods

Cell culture. The A549 cell line used in the present study
was purchased from the American Type Culture Collection
(Manassas, VA, USA) and was maintained in Dulbecco's
modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37°C
and 5% CO,.

ET-1 short hairpin RNA (shRNA) construction. The shRNAs
targeting three positions of the human ET-1 gene (1, 5'-CCA
TGAGAAACAGCGTCAA-3' 2, 5-AAGGCAACAGACCGT
GAAA-3"; and 3, 5"TGCCAATGTGCTAGCCAAA-3") were
designed by Sangon Biotech Co., Ltd. (Shanghai, China). The
synthesized shRNAs were then ligated into the pPCMV-G&NR
vector (Sangon Biotech Co., Ltd.), giving rise to the different
pCMV-G&NR-ET-shRNA constructs. The constructs were
then transfected into A549 cells using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. The transfection efficiency was deter-
mined by fluorescence microscopy (Olympus Corporation,
Tokyo, Japan).

Reverse transcription (RT)-quantitative polymerase chain
reaction (PCR). Total RNA was extracted using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and the
integrity of RNA was analyzed by 1% agarose gel electro-
phoresis (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Gels were visualized using the Gel Imaging and Analysis
System (Syngene, Frederick, MD, USA). High Capacity cDNA
Reverse Transcription kit (Thermo Fisher Scientific, Inc.) was
used for the RT step, and SYBR Green PCR Master Mix kit
(Thermo Fisher Scientific, Inc.) was used for the amplification
step. The sequences of the primers for ET-1 and GAPDH were
as follows: ET-1 forward (F), 5'-GCCTGTCTGAAGCCA
TAG-3' and reverse (R), 5-GCTGAGAGGTCCATTGTC-3";
and GAPDH F, 5-CACCCACTCCTCCACCTTTG-3' and R,
5'-CCACCACCCTGTTGCTGTAG-3'. The following PCR
conditions were used: 95°C for 10 min, followed by 40 cycles
of 95°C for 15 sec and 60°C for 45 sec. The messenger RNA
(mRNA) level was analyzed by ABI 7300 Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The results were analyzed by ABI Prism 7300 SDS software
version 1.4 (Applied Biosystems; Thermo Fisher Scientific,
Inc.).

Cell proliferation assay. Cell Counting kit (CKK)-8 assay
(Beyotime Institute of Biotechnology, Haimen, China) was
used to detect cell proliferation according to the manu-
facturer's protocol. A549 cells were plated at a density of
2,000 cells/well onto 96-well plates. Upon incubation, 10 ul
CKK-8 reagent was added to the plates, which were then
incubated at 37°C for 4 h. Next, absorbance at 450 nm was
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measured using a microplate reader (Bio-Rad Laboratories,
Inc.).

Invasion detection. Invasion assay was performed using
Transwell inserts (EMD Millipore, Billerica, MA, USA) to test
the invasion of A549 cells subjected to different treatments.
The upper well of the Transwell (Corning Inc., Corning, NY,
USA) was coated with Matrigel (BD Biosciences, Franklin
Lakes, NJ, USA) and incubated at 37°C in a 5% CO, for 1 h.
The indicated cells were serum starved for 24 h. Subsequently,
5x10* cells in 500 pl serum-free DMEM were seeded into
the upper well of the Transwell chamber. Culture medium,
supplemented with 10% FBS (750 pl) was added into the
lower well of the chamber. After 48 h incubation, the cells
in the upper well were removed with a cotton swab and the
cells that migrated into the lower well were washed with PBS,
fixed in 3.7% paraformaldehyde and stained with 0.2% crystal
violet. Images of the cells were captured and cell number was
counted using an Olympus CX41RF microscope (Olympus
Corporation). The number of cells that traversed the filter was
detected by staining with crystal violet.

Western blotting. Cells were harvested and washed twice with
PBS, and then lysed for 10 min in a lysis buffer (Beyotime
Institute of Biotechnology) at 4°C. Upon centrifugation
(12,000 x g, 10 min at 25°C), the protein concentration was
determined using Pierce BCA Protein Assay kit (Thermo
Fisher Scientific, Inc.). Proteins were separated by 10%
SDS-PAGE and electroblotted onto Immobilon polyvinyli-
dene difluoride membranes (EMD Millipore). The membranes
were then blocked with fat-free milk overnight at 4°C, and
incubated with primary antibodies over night at 4°C. Primary
antibodies against VEGF (ab46154), PEDF (ab115489),
RhoC (ab54837) and Cox-2 (ab15191) were purchased from
Abcam (Cambridge, MA, USA). Primary antibodies against
E-cadherin (Sc-9989) and RhoA (Sc-179) were purchased
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA), while
antibodies for AKT (92728S), phosphorylated (p)-AKT (4058S)
and GAPDH (5471) were purchased from CST Biological
Reagents Co., Ltd. (Shanghai, China). The dilutions of the
antibodies were as follows: Anti-VEGF, 1:1,000; anti-PEDF,
1:1,000; anti-AKT, 1:1,000; anti-p-AKT, 1:1,000; anti-RhoC,
1:500; anti-Cox-2, 1:400; anti-E-cadherin, 1:100; anti-RhoA,
1:100; and anti-GAPDH, 1:1,500. The secondary antibodies
anti-rabbit immunoglobulin (Ig)G (A0208; 1:1,000; Beyotime
Institute of Biotechnology) and anti-mouse IgG (A0216;
1:1,000; Beyotime Institute of Biotechnology) were used to
detect the primary antibodies. Membranes were incubated
with secondary antibodies for 1 h at 37°C, and visualized with
enhanced chemiluminescence (EMD Millipore) according
to the manufacturer's protocol. Signals were quantified by
densitometry (Quantity One software, version 4.62; Bio-Rad
Laboratories, Inc.). GAPDH was used as a control.

In vivo tumor-inhibitory experiments. A total of 12 BALB/c
male nude mice (4-5 weeks of age and ~20 g of weight; housed
at 25°C on a 12 h light/dark cycle, with access to food and
water ad libitum) were purchased from the Second Military
Medical University (Shanghai, China) and were randomly
divided into two groups (6 mice/group). In total, 6 nude mice
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Figure 1. sShRNA ET-1 was successfully transfected into A549 Cells. (A and B) To evaluate the transfection efficiency, the reporter gene enhanced green
fluorescent protein was observed under (A) white light and (B) green fluorescence (magnification, x100). (C) The expression of shRNA ET-1 in A549 cells
was determined by reverse transcription-quantitative polymerase chain reaction. Data are presented as the mean + SD, n=3. "P<0.05 compared with the vector
group. (D) The proliferation of different groups of A549 cells was detected by Cell Counting kit-8 assay. Data are presented as the mean + SD, n=3. "P<0.05
compared with the vector group. sh, short hairpin; ET, endothelin; mRNA, messenger RNA; SD, standard deviation.

were injected subcutaneously with vector-transfected A549
cells (2x10°), while another 6 mice were injected subcutane-
ously with ET-1-silenced A549 cells (2x10°). The tumors were
formed 1-2 weeks later, and the tumor size was determined
every 3-4 days after tumor formation. Tumor volume (V)
was measured and calculated using the following formula:
V (mm?) =0.5 x larger diameter x smaller diameter?. At43 days
following injection, nude mice were sacrificed following
cervical dislocation. Once the nude mice were sacrificed, the
tumors were dissected and their weights were measured. The
experiment was performed under the Zhongshan Hospital
Affiliated to Xiamen University's (Xiamen, China) guidelines
for animal experiments. The study was approved by the ethics
committee of Zhongshan Hospital Affiliated to Xiamen
University.

Statistical analyses. All data are presented as the mean =+ stan-
dard deviation of at least three experiments. Statistical
significance was determined by analysis of variance using
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

Establishment of shET-1 A549 cells. To investigate the function
of ET-1 in lung cancer, the expression of ET-1 was suppressed
by RNAi in A549 cells. Three shRNAs targeting human
ET-1 were designed, cloned into the pPCMV-G&NR vector
and transfected into A549 cells. The transfection efficiency
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Figure 2. (A and B) Invasion of A549 cells subjected to different treatments.
Data are presented as the mean + standard deviation, n=3. "P<0.05 compared
with the vector group; "P<0.05 compared with the vector + Endostar group.
sh, short hairpin; ET, endothelin.
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Figure 3. Relative protein expression, as detected by western blotting after treatment for 48 h. Data are presented as the mean + standard deviation, n=3. "P<0.05
compared with the vector group; "P<0.05 compared with the vector + Endostar group. VEGF, vascular endothelial growth factor; p, phosphorylated; Cox,
cyclooxygenase; PEDF, pigment epithelium-derived factor; sh, short hairpin; ET, endothelin.
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Figure 4. Effect of ET-1 RNA interference in vivo. (A) Mice injected with empty vector. (B) Tumor volume was measured. (C) Mice injected with ET-1-silenced
A549 cells. (D and E) Tumors were dissected, and their (D) volume and (E) weight were measured with a vernier caliper. ““P<0.001, "P<0.05 compared with

A549 cells. sh, short hairpin; ET, endothelin.

was 53% (transfection efficiency = number of cells with
green fluorescence/total cells), as evaluated by fluorescence
microscopy (Fig. 1A and B). The third fragment, 5“TGCCAA
TGTGCTAGCCAAA-3' (targeting position 321-339), was the
most efficient shRNA for silencing ET-1 (Fig. 1C). shRNAs
1, 2 and 3 significantly decreased mRNA expression of ET-1
by 35.0, 42.8 and 75.4%, respectively. These data suggested
that the shRNAs designed in the present study had a signifi-
cant interference effect on the expression of ET-1, and that

ET-1-silenced A549 cells (transfected with shRNA 3) were
successfully established and could be used for further analysis.

Effect of ET-1 RNAi on the proliferation of A549 cells. To
determine the effects of ET-1 RNAi with/without Endostar on
the proliferation capability of A549 cells, CCK-8 assay was
performed. The results of CCK-8 assay (Fig. 1D) revealed that
both Endostar and ET-1 RNAi could suppress the proliferation
of A549 cells. In addition, the combined use of Endostar and
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ET-1 shRNA exhibited a stronger inhibition of the prolifera-
tion of A549 cells compared with that caused by Endostar or
ET-1 shRNA separately (P<0.05). These results indicated that
the downregulation of ET-1 can decrease the growth capacity
of A549 cells, and such effect can be augmented by Endostar
treatment.

The invasive ability of A549 cells is suppressed by ET-1 RNAi.
Invasive capacity is essential for the malignant biological
behavior of tumors. The present study investigated whether
ET-1 RNAI affected the invasive ability of A549 cells. In
contrast to control cells, ET-1 RNAi and Endostar could
significantly reduce the cell invasive ability of A549 cells. The
number of invaded cells in the ET-1 shRNA + Endostar group
was significantly decreased compared with that in the ET-1
shRNA or Endostar groups (P<0.05) (Fig. 2). The results indi-
cated that the downregulation of ET-1 decreased the invasive
ability of A549 cells, which could be potentiated by Endostar
treatment. In addition, the expression of RhoA/C, VEGF,
PEDF, AKT, E-cadherin and Cox-2 proteins was detected by
western blotting (Fig. 3).

Inhibitory effect of ET-1 RNAi on the growth of human lung
carcinoma xenografts in nude mice. Next, it was determined
whether knocking down ET-1 in lung cancer cells could reduce
tumor growth in vivo. A549 cells transfected with control or
ET-1-shRNA were subcutaneously injected in athymic nude
mice, and tumor volumes were measured for 45 days. As
shown in Fig. 4, the ET-1-shRNA-treated tumors grew slower
than the control tumors (P<0.05). These data indicated that
ET-1 RNAI can effectively inhibit tumor growth in vivo.

Discussion

Despite the fact that numerous novel therapeutic interventions
have been performed, lung cancer remains a serious health-
care problem (3). The growth, division and DNA synthesis of
normal lung cells are regulated through the orderly cell cycle. If
this order is disrupted, tumors may be eventually induced (14).
In addition, the invasion and metastasis of lung cancer are
extremely complex processes, where multiple genes and steps
are involved (15). Lung cancer invasion and metastasis seri-
ously affect the efficacy and prognosis of patients with cancer
who are undergoing treatment, and are also the main causes of
patients' treatment failure and mortality. Therefore, preventing
the invasion and metastasis of lung cancer is currently key in
lung cancer treatment. At present, a great progress has been
achieved for the prevention and treatment of early lung cancer;
however, the treatment effect and prognosis remain poor (3).
Thus, to prevent and cure lung cancer, tumor pathogenesis
must be further explored, and more effective targeted therapies
must be developed.

Since ETs were identified, it has been verified that ETs
not only perform the function of vasoconstriction, but are
also closely connected with the growth of tumors. Numerous
studies conducted on different types of tumor tissue, observed
that ETs exist in malignant tumor tissues (8,16). Furthermore,
ET-1 levels in plasma exhibited a visible difference prior and
subsequent to treatment, and ET-1 content was significantly
decreased following treatment (17). In addition, previous
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studies have suggested that ETs can activate proto-oncogenic
genes, promote cell division and proliferation in collabora-
tion with other growth factors, and serve an important role
in the development of tumors. In recent years, the association
between ETs and tumor growth and metastasis is receiving
great attention, but this association has not been fully eluci-
dated yet.

The present study detected VEGF, PEDF, Cox-2, AKT,
p-AKT, E-cadherin, RhoA and RhoC, which are associated
with tumor apoptosis, growth, invasion and metastasis (18-20).
The results revealed that the expression of all the above factors
was increased or decreased when shET-1 and Endostar were
present or absent. In the current study, the expression of VEGF
was decreased when ET-1 was silenced. VEGF is the most
effective pro-angiogenic growth factor, and serves an impor-
tant role in cancer angiogenesis, tumor growth and metastasis.
ET-1 can promote the processes of invasion and metastasis via
activation of hypoxia-inducible factor-la and VEGF in mela-
noma. Melanoma can also promote the expression of VEGF
mRNA and the secretion of VEGF via ET-1. Thus, there is
an indirect synergism between ET-1 and VEGF (21,22).
Matsuura et al (23) indicated that mutual stimulation of ET-1
and VEGF resulted in increased endothelial cell proliferation,
migration and invasion of the basement membrane, suggesting
that ET-1 induced endothelial cell proliferation, invasion and
tumor angiogenesis through stimulation of the secretion of
VEGF (24). That study confirmed that ET-1 stimulates the
secretion of VEGF and endothelial cell proliferation, inva-
sion which induced by VEGF, and indirectly effects on tumor
angiogenesis and provides a microenvironment for tumor
growth (24). The present results are consistent with those from
previous studies.

E-cadherin serves an important role in selective cell
aggregation. Previous studies have shown that ET-1 can
reduce the expression of E-cadherin, and influence the inva-
sion and metastasis of tumors (25). In the present study,
E-cadherin was increased in the ET-1 RNAi group, which
suggested that ET-1 RNAi could promote the invasion of
lung cancer. The serine/threonine protein kinase AKT and
activated AKT, which is phosphorylated, are important in
regulating apoptosis, angiogenesis and the cell cycle (26-28).
Generally, the extent of activation of the PI3K/AKT signaling
pathway is determined based on the phosphorylation level of
AKT, which is a key signaling protein in the PI3K signaling
pathway (26,29,30). It has been reported that the apoptosis of
ovarian carcinoma cells induced by paclitaxel can be reverted
by ET-1 through upregulating the activity of AKT (31). As a
synthesis rate-limiting enzyme of prostaglandin (PG), which
is an important inflammatory mediator, Cox-2 can reduce
endothelial cell apoptosis (32). Despite the fact that Cox-2
cannot be detected in the majority of normal tissues and cells,
when an inflammatory response happens in vascular endo-
thelial and smooth muscle cells, Cox-2 may be induced by
cytokines, ETs and PGs (33). Cox-2 participates in a variety of
pathological and physiological processes. Cox-2 induces tumor
angiogenesis and invasion by promoting cell proliferation and
inhibiting cell apoptosis, thus participating in the development
of tumors (34,35). Previous studies have reported that Cox-2
can induce the expression of several vascular factors such as
ET-1 and transforming growth factor-§, while ET-1 can also
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upregulate Cox-2 expression. Thereby, it forms a positive
feedback network, which could co-stimulate tumor angiogen-
esis (36). In the present study, p-Akt/Akt and Cox-2 expression
exhibited a decreased trend when ET-1 was silenced. All these
data suggested that the interference of ET-1 was effective for
the treatment of lung cancer.

Rho is a type of guanosine-5'-triphosphate (GTP)-binding
protein with GTPase enzymatic activity. Rho has been asso-
ciated with tumorigenesis, invasion and metastasis, and has
been observed to exhibit a high expression in malignancy (37).
Previous studies suggested that the RhoC gene was involved
in the occurrence and development of liver cancer, and that a
close association existed between the high expression of RhoC
and the phenotype of hepatocellular carcinoma regarding cell
invasion and metastasis (38). Previous studies demonstrated
that RhoA/C was highly expressed in a variety of malignan-
cies, participated in the adhesion and migration of tumor
cells, and markedly promoted the occurrence and develop-
ment of tumors (39-42). As a novel tumor marker, Rho can be
applied to distinguish between benign and malignant lesions,
and may help to assess the ability of tumor metastasis and
prognosis (43). This has potentially important clinical value
for cancer prevention. Rho was observed to participate in the
movement and angiogenesis of endothelial cells induced by
VEGEF through Rho-associated protein kinase signal trans-
duction pathways, thus promoting tumor angiogenesis and
assisting tumor cells to establish distant metastases through
the vascular endothelia (44). Previous studies speculated that a
potential mechanism to inhibit tumor angiogenesis may be to
inhibit VEGF expression by enhancing P53 (a tumor-suppressor
gene) expression (45). Other studies indicated that Rho protein
was involved in regulating tumor angiogenesis (46). A study
has revealed that there are complex interactions between Rho
protein and E-cadherin (47). Overexpression of Rho proteins
may promote the metastasis of tumor cells through under-
mining intercellular adhesion (48). The present study noticed
that RhoA/C was expressed at lower levels in the ET-1 RNAi
group than in the empty vector group. Thus, it could be specu-
lated that ET-1 RNAI can inhibit the expression of RhoA/C.
However, the mechanism involved remains unclear.

The present data also revealed that the PEDF level was
decreased when ET-1 RNAi was applied to A549 cells. PEDF
was an effective factor in inhibiting angiogenesis, having a
neuroprotective effect, inducing tumor apoptosis, and inhib-
iting tumor cells invasion and metastasis. However, it has been
demonstrated that PEDF cannot affect the AKT signaling
pathway (49). Mahtabifard ef al (50) reported that PEDF can
inhibit angiogenesis in breast cancer. Takenaka er al (51)
reported that PEDF can induce the apoptosis of MG63
(osteosarcoma cells) and inhibit the expression of VEGF,
thus inhibiting tumor angiogenesis. Zhang et al (52) reported
that PEDF expression was decreased in non-small cell lung
cancer. PEDF level is inversely proportional to microvessel
density in tumor tissue, and PEDF mRNA level is inversely
proportional to the size of the tumor. The low level of
PEDF in lung cancer suggests a poor prognosis (53,54).
Abe et al (55) reported that PEDF serves an important role
in inhibiting tumor proliferation and tumor angiogenesis
processes, and deletion of the PEDF gene may be associated
with the malignant differentiation of normal cells. However,
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the association between malignant tumors and the PEDF
gene remains unclear.

Although there are no studies indicating that Rho and
PEDF have any direct connection with ET-1, it can be specu-
lated that Rho and PEDF may be indirectly regulated in the
present study. Compared with their expression in the vector
group, the expression of the tumor-associated factors exam-
ined in the present study exhibited significant changes. These
results indicated that ET-1 RNAi may have a potential thera-
peutic effect on the treatment of lung cancer. Furthermore, it
was observed that the therapeutic effect was improved when
both ET-1 RNAi and Endostar acted on the cells, and this
result was also verified in in vivo experiments.
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