INTERNATIONAL JOURNAL OF ONCOLOGY 47: 657-667, 2015

Silencing of Livin inhibits tumorigenesis and metastasis
via VEGF and MMPs pathway in lung cancer
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Abstract. Livin, an inhibitor of apoptosis protein (IAP), is
overexpressed in various cancers and decreases tumor sensi-
tivity to chemotherapy and radiotherapy. However, the effect
of Livin on lung adenocarcinoma metastasis and the specific
mechanism involved remain unclear. RNAi technology was
used to stably silence Livin in A549 cells in the present study.
The effect of Livin on tumor growth and invasion was inves-
tigated in lung cancer cells in vitro and animal models were
established to determine the anti-metastasis ability of Livin
silencing in vivo. The results indicated that Livin knock-down
suppressed cell proliferation and inhibited cell invasion,
accompanied by downregulation of VEGF and MMP-2/-9.
Silencing of Livin resulted in the prevention of xenograft tumor
formation. Seventy-five immunodeficient male BALB/C nude
mice were randomly divided into three groups, the relative
ratio of the areas with pulmonary nodules in the experimental
group decreased from 46.71+£7.27% to 11.07+2.94% compared
with the negative control group (P<0.001), indicating the inter-
action between Livin, VEGF and MMPs. The xenograft tumor
model of intravenous injection of tumor cells were success-
fully established and applied for the analysis of lung cancer
tumorigenesis and metastasis in a time-dependent manner for
the first time. Based on the reliable and reproducible animal
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model, our findings indicate that knock-down of Livin inhibits
cell growth and invasion through blockade of the VEGF and
MMPs pathways in lung cancer cells in vitro, and inhibits
tumorigenesis and metastasis of lung cancer in vivo, suggesting
that Livin is a promising antitumor target.

Introduction

Lung cancer, which is characterized by high morbidity and
mortality, has become the leading cause of cancer-related
death worldwide. Although the number of novel anticancer
strategies has increased, the 5-year survival rate for lung
cancer remains low, ranging from 9% to 20% (1), indicating the
limited effectiveness of therapy in recent years. The obstacle
in improving the lifespan of lung cancer patients is related to
metastasis, which is widely accepted as the most devastating
stage of cancer progression, following the dissemination
of cancer. During the process of metastasis, tumor cells are
required to overcome a series of rate-limiting barriers. As the
primary tumor develops vascularization, degradation of the
extracellular matrix (ECM) follows, then intravasation, and
finally cells arrested in a new organ form micrometastases
after extravasating from the circulating blood (2). Therein,
the subsequent step that cancer cells extravasated from blood
circulation into secondary organ is the most ineffective step in
metastatic processes and is suggestive of a promising target.
The metastatic processes involve VEGF, MMPs, the host
ECM and several signaling pathways (3). Clinical trials on
the inhibition of VEGF and MMPs have shed light on broad
development prospects, but are inevitably accompanied by side
effect due to low selectivity. Additional evidence suggests that
VEGF modulates Livin expression via mTOR signaling (4), as
well as MMP-2/9 through the ERK1/2 or Notch pathway (5,6).
Moreover, MMPs also mobilize pro-angiogenic factors, for
example VEGF, to promote tumor angiogenesis (7,8), and Livin
downregulate the expression of VEGF and MMP-2 to inhibit cell
growth and invasion through the MAPK signaling (9). Thus, we
propose that there are signaling feedback loops between Livin,
VEGF, and MMPs in spite of the ambiguous mechanism, and
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synergistic inhibition of VEGF and MMPs triggered by Livin
knock-down can elicit tumor regression in lung cancer (9).

Livin, known as an inhibitor of apoptosis (IAP), is selectively
overexpressed in specific tumors, and correlates with survival,
prognosis, chemotherapeutic and radiotherapeutic resistance
(10-12). Many studies have discussed the importance of Livin
in the control of invasion of oral squamous cell carcinoma (13),
laryngohypopharyngeal cancer (14), breast cancer (15), osteosar-
coma (16), prostate cancer (17) and digestive system neoplasms
(9,18,19). We demonstrate that knock-down of Livin induces cell
cycle arrest at the GO/G1 phases and promote apoptotic death
through a caspase-dependent pathway in lung cancer (20,21).
Thus, Livin may be an alternative, efficient and safe target in
lung cancer therapy, based on the fact that Livin is undetectable
in most normally differentiated tissues, with the exception of the
placenta, normal testes, spinal cord and lymph nodes (22).

However, few of the studies have evaluated the invasive
ability in animal models and shown the function of Livin in
lung cancer invasion. Here, we successfully blocked the in vitro
invasion and in vivo metastasis of lung adenocarcinoma cells
in the animal model by silencing Livin, and demonstrate that
Livin affects tumor cell biology through the VEGF and MMPs
signaling pathway.

Materials and methods

Cell culture. The human A549 adenocarcinoma cell line was
purchased from American Type Culture Collection (ATCC)
and was propagated in RPMI-1640 (HyClone Corp., Logan,
UT, USA) medium supplemented with 10% (v/v) fetal bovine
serum (FBS) (HyClone Corp.), 100 U/ml penicillin and
100 g/ml streptomycin, at 37°C in a humidified atmosphere of
5% CO, and 95% air.

Construction of lentivectors for specific silencing of Livin
expressionandstable transfection.Shorthairpin RNA (shRNA)
consisting of double chains of oligonucleotide with complemen-
tary sequences were obtained from Sangon Co. Ltd (Shanghai,
China). Based on the Livin sequence (NM_022161.3), Livn-
shDNA sequences were: 5-GGAGAGAGGTCCAGTCTGA-3'
(sense) and 5'-TCAGACTGGACCTCTCTCCTG-3' (antisense).
The pLKD-CMV-G&PR_U6 plasmid vector (NeuronBiotech
Co. Ltd., Shanghai, China) encoded genes for ampicillin and
puromycin resistance, and an enhanced green fluorescent
protein (eGFP) reporter gene. A293T cells (NeuronBiotech
Co. Ltd.) were co-transfected with the recombinant plasmid
and packing plasmid, envelope plasmid VSVG, and the pseu-
doviral particles were collected and the titer was determined.
The harvested lentivirus was transfected into A549 cells
using Polybrene reagent (Millipore Corp., Billerica, USA).
The stably transfected cells were picked out with puromycin,
and the green fluorescence intensity was measured by fluores-
cence microscopy. The cells transfected with vectors carrying
Livn-shRNA were defined as the KD group (the experimental
group), the cells transfected with vectors as a negative control
were defined as the NC group, and the wild-type A549 cells
were defined as the CO group (the blank control group).

Real-time fluorescent quantitative PCR. Total RNAs were
extracted using TRIzol reagent (Invitrogen/Life Technologies,
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Grand Island, NY, USA) from cells or harvested tissues. cDNA
synthesis was performed using reverse transcription reagents
(Thermo Scientific, Waltham, MA, USA). According to the
manufacturer's instructions, real-time PCR was performed
using ViiA 7 (ABI, Carlsbad, USA) sequence detection system
with SYBR-Green I Mix (CoWin Biotech Co, Ltd. Beijing,
China). The primers for the genes are listed below: Livin sense:
5'-GCTCTGAGGAGTTGCGTCTG-3', antisense: 5'-CACAC
TGTGGACAAAGTCTCTT-3'; VEGF sense: 5-AGGGCAGA
ATCATCACGAAGT-3', antisense: 5'-AGGGTCTCGATT
GGATGGCA-3" KDR sense: 5-GGCCCAATAATCAGAG
TGGCA-3', antisense: 5-CCAGTGTCATTTCCGATCACTT
T-3'; MMP2 sense: 5-TACAGGATCATTGGCTACACAC
C-3', antisense: 5'-GGTCACATCGCTCCAGACT-3"; MMP9
sense: 5'-TGTACCGCTATGGTTACACTCG-3', antisense:
5'-GGCAGGGACAGTTGCTTCT-3'; GAPDH sense: 5'-CCA
TGGCACCGTCAAGGCTGA-3, antisense: 5'-GGGCCATC
CACAGTCTTCTGG-3" The data are presented as ratios rela-
tive to GAPDH levels. Data were analyzed using the comparative
Ct method (2724,

Western blotting. Cells or tissue were harvested and lysed on
ice for 30 min in buffer consisting of 50 mM Tris HCI, pH 8.0,
150 mM sodium chloride, 5 mM ethylenediaminetetraacetic
acid (EDTA), 1% NP-40, 0.02% NaN,, 50 mM NaF and
protease inhibitors (1 mM phenylmethanesulfonyl fluoride
(PMSF), 1 ug/ml aprotinin). The extracts were obtained by
centrifugation at 12,000 x g and 4°C for 10 min. The concen-
tration of protein was measured using the BCA protein assay
kit (Thermo Scientific). Equal amounts of proteins were
separated on 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto
polyvinyldifluoride (PVDF) membranes. The primary anti-
bodies (Abcam, San Francisco, CA, USA) against GAPDH
(ab110305), Livin (ab97516), VEGF (ab46154), VEGFR-2
(ab39256), MMP-2 (ab86607) and MMP9 (ab119906) were
diluted according to the instructions of antibodies and incu-
bated overnight at 4°C. Then, the HRP-conjugated secondary
antibody (ab6721) was added at a dilution ratio of 1:1,000,
and incubated at room temperature for 2 h. The membranes
were immunoprobed with corresponding antibody, and
visualized using an enhanced chemiluminescence reagent
(Thermo Scientific).

MTT assay. The exponentially growing A549 cells were seeded
in 96-well plates at a density of 8x10° cells/well in media and
left overnight to allow cell adherence. Following incubation for
1,2 or 3 days at 37°C, cell viability was measured by adding
20 pl of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny
Itetrazolium bromide (MTT) to each well, and incubated at
37°C for a further 4 h, after which the media were substituted
with 200 1 DMSO for formazan crystal dissolution. The
absorbance was measured using a micro-plate reader (Thermo
Scientific) at 570 nm. The data are presented as the percentage
of surviving transfected cells vs. control cells (viability of
control cells was considered to be 100%).

Colony-formation assay. Lung cancer cells treated with or
without transfection were plated on 6-well plates at a density
of 1,000 cells/well. The culture medium was refreshed after
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24 h of incubation. After 7 days of culture, the colonies were
stained with 0.5% of methylene blue, fixed with 4% parafor-
maldehyde for 2 h, and counted under a microscope (Olympus
Corp., Tokyo, Japan).

Transwell invasion assay. Cell invasive ability was assessed
using a 24-well 8.0 ym Transwell chamber (Corning
Inc., Corning, NY, USA) coated with Matrigel (1 mg/ml,
BD Biosciences, Franklin Lakes, NJ, USA). After being starved
in serum-free medium for 24 h, 1x10° cells in 200 pl serum-
free medium were harvested and seeded in the top chamber,
and 600 ul 10% FBS-RPMI-1640 medium was added to the
lower chamber. Twenty-four hours later, the non-migrated cells
were gently removed with cotton swabs and the migrated cells
on the bottom surface of the membrane were fixed with 4%
paraformaldehyde for 30 min. The cells were then stained with
hematoxylin and eosin (H&E), quantified by manual counting
and images were captured under a light microscope. Rates of
cellular invasion through Matrigel were normalized by that of
control cells. Five randomly chosen fields were analyzed for
each group.

Gelatin zymography assay of MMP-2 (Gelatinase A) and
MMP-9 (Gelatinase B). Proteins in the culture supernatant
collected in equal amounts of the cell medium were then
separated in 10% SDS-PAGE gel (0.1% w/v of gelatin) under
non-reducing conditions at 4°C. After electrophoresis, the gel
was washed in 2.5% v/v of Triton X-100 for 30 min at room
temperature for renaturing with gentle agitation. The gel was
subsequently incubated in assay buffer (50 mmol/l Tris HCI,
5 mmol/l CaCl,, 0.02% Brij-35, pH 7.6) for 42 h with gentle
shaking. The gel was stained with solution (0.05% Coomassie
blue, 30% methanol, 10% acetic acid) and sequentially
destained. Gelatinolytic bands were detected as transparent
zones against the blue background and densitometric analysis
of the bands was performed using ImagePro Plus software
(Media Cybernetics, Silver Spring, MD, USA).

Enzyme-linked immunosorbent assay (ELISA). When showing
logarithmic growth, the cells were collected and plated into
6-well culture plates at a density of 2x10° cells/well. Cell culture
supernatants in serum-free medium were homogenized and
harvested 72 h later and centrifuged at 1000 x g for 20 min.
The levels of VEGF were subsequently determined using
commercially available ELISA kits, product no. SEA143Hu
(Uscn Life Science, Wuhan, China), according to the manu-
facturer's instructions.

In vivo tumor xenograft study. The protocol for the animal
experiment was approved from the Institutional Animal
Ethics Committee, Experimental Animal Center of Fujian
Medical University, China. All surgery was performed under
anesthesia and efforts were taken to minimize animal suffering.
Seventy-five immunodeficient male BALB/C nude mice, 4-5
weeks old (SLAC Laboratory Animal Co. Ltd., Shanghai,
China) were randomly divided into three groups with 25
per group: 16 for dynamic monitoring and the remaining 9
for the survival study. The three groups of A549 cells were
resuspended in 0.1 ml PBS and intravenously injected into
the lateral tail vein at a density of 2.5x10° cells/mouse in the
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corresponding animal groups. At 5, 6,7 and 9 weeks after cell
inoculation, 4 of 25 mice were randomly chosen, sacrificed
by deep anesthesia and visualization of cancer-cell expressing
eGFP dynamics during lung metastasis in live mice was
performed using the imaging system IVIS lumina II (Caliper
Life Sciences, Boston, MA, USA). Mouse body weight was
measured every two to three days throughout their lifespan.
After macroscopic observation, the harvested tissues from
the three groups of nude mice were weighed, processed and
conserved for the follow-up experiments. Tissues were stained
with H&E to further evaluate lung metastasis generation
dynamically and precisely. The mice in the survival study
were euthanized when they became severely cachectic and the
day of euthanasia was considered the end point of follow-up
observation.

Immunohistochemical analysis. Tissues from the sacrificed
mice were fixed in formaldehyde overnight, and then dehy-
drated and coated with wax. Tissues sections (3-ym) were
prepared and then subjected to de-paraffining and antigen
retrieval. Tissues were blocked with endogenous peroxidase
for 10 min followed by protein block for 10 min at room
temperature and were incubated with primary antibody
(Abcam) (1/200 in antibody diluent) for 2 h at 20°C, then
ready-made HRP-conjugated antibody (Abcam) for 30 min
at 20°C. The sections were counterstained with diaminoben-
zidine (DAB) chromogen substrate and hematoxylin, and the
presence of a brown precipitate indicating immunoreactivity
was examined under a microscope. Assuming that the inten-
sity of immunoreactivity was correlated with the level of gene
expression, semi-quantitative analysis of tissue samples was
conducted using ImagePro Plus software. The images were
captured by microscopy.

Statistical analysis. SPSS 19.0 was used for data analysis.
The data are expressed as means + SD from independent
experiments. Statistical significance was determined using the
Student's two-tailed t-test in two groups and one way ANOVA
in multiple groups. Kaplan-Meier survival curves and P-values
of group comparisons were conducted for survival analysis. A
P-value of <0.05 was considered statistically significant.

Results

A549 cells were stably transfected with Livin specific shRNA
expression vector. The rate of effective transfection in the three
groups of cells was monitored by fluorescence microscopy.
Over 95% of cells transfected with lentiviral vectors showed
green fluorescence in the KD and NC groups, however, no GFP
expression was observed in the wild-type A549 cells, which
indicated successful transfection (Fig. 1A). To determine the
effect of Livin-shRNA in A549-RNAI cells, the mRNA levels
of Livin were analyzed by real-time PCR assay. The GAPDH-
normalized Livin mRNA expression is shown in Fig. 1B. As,
expected, Livin mRNA expression in A549-RNAi cells was
the lowest, clearly showing the constitutive downregulation of
Livin. There were significant differences between A549-RNAi
cells and both NC-LV and non-transfected A549 cells. The
efficient silencing of Livin was confirmed by western blotting.
Densitometric measurements revealed that the expression of
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Figure 1. Effect of Livin-shRNA on inhibition of lung cancer A549 cells. (A) Fluorescent microscopy image. Intensity of green fluoescence indicated the
transfection efficiency. (B) Livin mRNA expression was estimated by real-time PCR. GAPDH was detected as the control. (C) The protein level of Livin was
detected by western blots. GAPDH expression was detected as loading control. Densitometric analysis of protein levels of Livin. Data are the mean + SD of
three independent experiments relative to GAPDH. Shown are representative images. The statistical significance is marked with “(P<0.05).
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Figure 2. Effect of Livin knock-down on lung cancer cell viability in vitro. (A) Quantitative analysis of plate colony formation of A549 cells. (B) The cell
viability was analyzed by MTT with cell growth at 24, 48 or 72 h. (C) ELISA analysis of extracelluar VEGF release in supernatant. All data are expressed as
mean = SD of three independent experiments. The statistical significance is marked with *(P<0.05).

Livin protein decreased sharply in A549-RNA:i cells, and was
reduced by 86% compared with wild-type A549 cells (Fig. 1C).

Effect of Livin small hairpin RNA on cell proliferation and
cell growth. The effect of Livin downregulation on transfected
cell proliferation was determined by colony formation assay.

As shown in Fig. 2A, a significantly lower colony number was
observed in A549-RNAI cells than in NC-LV or blank control
cells (P<0.001). The colony number in A549-RNA. cells was
reduced by 52%. To gain further insight into the effect of Livin
shRNA on A549 cell growth, the metabolic activity of these
cells was quantified by MTT assay. Additional comparisons
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Figure 3. Impact on VEGF, and MMPs based on silencing of Livin in vitro. (A) Effect of Livin downregulation on cells invasion. Invasive cells passed through
the membrane in Tranwell assay. (B) MMP-2/-9 activities were detected using gelatin zymography technique. (C) Transcription of VEGF and MMP-2/-9 were
determined by QPCR. (D) VEGF and MMP-2/-9 were examined by western blots and densitometry analysis compared with GAPDH. Data are the mean + SD
of three independent experiments relative to GAPDH. The statistical significance was marked with “(P<0.05). Shown are representative images.

showed that growth of the stably expressing Livin shRNA
cells was slower. Compared with the vector control or blank
control cells, significant differences were noted in growth
rates on the second day (P<0.005), which were amplified on
the third day (P<0.001). The growth rates of the vector control
cells were not significantly different from the blank control
A549 cells (Fig. 2B).

In addition, to detect whether Livin knock-down affected
extracellular VEGF, ELISA was performed to quantify the
amount of VEGFA secreted into the culture media. The inhibi-
tory effect on VEGFA protein levels was demonstrated by a
significant decrease in VEGFA concentration in the media
containing A549-RNAi cells (25.7+2.5 pg/ml) compared with
the vector control group (71.9+4.3 pg/ml) and the control
group (83.1+4.1 pg/ml) (P<0.001) (Fig. 2C). Real-time PCR
and western blot analysis were carried out to investigate intra-
cellular VEGF expression. The data, summarized in Fig. 3C
and D, indicated a marked decrease in VEGF protein expres-
sion in A549-RNA.i cells. The data described above suggest
that knock-down of Livin suppressed VEGFA secretion, as
well as intracellular VEGF expression. In contrast, no signifi-

cant differences (P>0.05) in the expression level between the
vector control and blank control were observed.

Knock-down of Livin suppresses cell invasion in vitro through
the MMPs signaling pathway. To gain knowledge on the effect
of Livin knock-down on A549 cell invasion, we evaluated the
invasive ability of cells using a Transwell assay. The results
indicated that the number of A549-RNAIi cells which passed
through the Matrigel-coated membranes was significantly
less than that of the negative control or blank control A549
cells (P<0.001) (Fig. 3A). We performed gelatin zymography
to determine whether Livin knock-down inhibited cell inva-
sion via downregulation of activated forms of MMP-2/-9. The
marked decrease in invasive ability of the A549-RNAI cells
was further confirmed, and statistically significant differences
in MMP-2 and MMP-9 activities, which declined by >50%,
were observed between the two groups of cells (Livin-LV,
vector-LV) (Fig. 3B). No differences in activated MMP-2 and
MMP-9 between the negative control and blank control group
were observed. To detect total MMP expression, real-time
PCR and western blot analysis were conducted. Fig. 3C and D



662 LIN et al: LIVIN INHIBITS TUMORIGENESIS AND METASTASIS IN LUNG CANCER

A
Week 5 CO NC KD Week 7 CO NC
PR o -

0.6

0.44

Relative ratio

Week
B 15 1.5

n m CO % = CO
§ (= I 7 (="
g Ok £35 19 ko
€ 58
E a8 >
@
'E g g 051 * *
B =
2 e [ [
[+

® 0.0/ . .

GAPDH Livin

s - == CO

g c3anc

g ! 1.0+ Bkp

Livin S

ce

o 0.51

s

GAPDH ¥
] 0.0 r .
Livin mRNA  Livin protein
co NC KD
Livin _
VEGF

MMP2
MMPS

HES GAPDH

Figure 4. Effect of Livin-shRNA on inhibition of tumor nodules formation in vivo. (A) Gross view and microscopic pathology of lungs with H&E staining
(original magnification x40). Further analysis of the relative ratio of tumor areas to the whole lung. Black arrow indicates representative tumor nodules. (B)
Gene expression after five weeks of cell inoculation. Cell extracts were examined by QPCR and western blots, densitometry analysis is presented without
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show significant differences in total mRNA level among the
three groups, while no significant differences in total MMP
protein level was noted.

Silencing of Livin preventes the formation of tumor nodules
resulting from impaired metastasis and neoangiogenesis
in vivo. To explore Livin gene function in the development of
lung cancer in vivo, the mice with successfully constructed
lung cancer were sacrificed. Lung metastasis occurred in
100% of the mice injected with tumor cells. Five weeks after
cell inoculation, scattered tumor nodules which showed a soft
texture and a greyish-white color in the NC and CO groups
were occasionally seen by the naked eye in comparison with the
KD group which showed no visible tumor nodules. The already
formed tumor nodules were of unequal size and unevenly
distributed in the lung under the microscope. The pathological
result showed that the relative ratio of the areas with pulmonary
nodules to the total lung tissue area was the least in the KD
group. In the other two groups, the ratio was not significantly
different (P>0.05). At 6, 7 and 9 weeks after cell inoculation,
gross view and microscopic pathology showed no significant
differences between the three groups. Based on tumor forma-
tion in the lungs at the different time points, week seven was
considered as the stationary phase in which the size of tumors
in the experimental group changed slightly, in contrast to the
period from week five to week six (Fig. 4A).

To determine the transcription and translation of Livin and
associated genes in vivo, we used real-time PCR and western
blot analysis. During genomic and proteomic detection of
either GAPDH or Livin, to avoid cross-reaction between
cancer nodules derived from human lung cancer cells and
normal lung tissues of mice, we chose human-specific primers
and antibodies. Five weeks after cell inoculation, the human
specific GAPDH and Livin mRNA, as well as their protein
content in the mixed tissue in the KD group showed significant
differences compared with the NC and CO group (P<0.011).

These differences were consistent with the relative ratio
of the areas with tumor nodules which could represent the
volume of tumor nodules formed in the lungs. Analysis of
the human specific GAPDH-normalized Livin mRNA and
protein levels in the KD group showed no significant differ-
ences compared with those in the NC and CO group (Fig. 4B).
Taking the distinct areas of formed pulmonary nodules into
consideration, we further analyzed the models to confirm
the differences between the three groups at 7 weeks after
cell inoculation, at which time the pulmonary nodules were
assumed to be stably formed. As expected, no differences
were observed (P>0.05) (Fig. 4C).

To further evaluate the anti-metastatic activity of Livin, we
conducted a survival study. Unexpectedly, mice inoculated with
wild-type A549 cells had a significantly longer mean survival
time (114 days) compared with 65 days for mice inoculated
with A549-RNAI cells and 68 days for mice inoculated with
NC-LV cells (P<0.001) (Fig. 5). In vivo imaging after intrave-
nous injection showed no fluorescence in the lungs, although
microscopic pathology confirmed the presence of lung
metastasis. There were only false positive areas of increased
uptake (Fig. 6). The correlation of the lung weight, the mouse
body weight and the relative ratio of the areas with pulmonary
nodules was analyzed to figure out whether the weight of lungs
could reflect the volume of tumor nodules formed in the lungs,
as seen in Fig. 7, there was a positive correlation between the
lung weight and the relative ratio of the areas with pulmonary
nodules (R?=0.789), however, no correlation exists between
the lung weight and the mouse body weight (nine mice were
randomly selected).

Discussion
Livin, a novel IAP family protein, plays crucial roles in the

regulation of cell proliferation, cell cycle and apoptotic
death (20,21,23). Increasing number of studies reveal that
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Livin can inhibit apoptosis induced by a variety of stimulus,
while it is specifically cleaved by caspases on a strong apop-
totic stimulus to produce a truncated protein which inversely
harbors the death-promoting activity, indicating a dual role
of Livin in cell biology (10,24-26). The subcellular localiza-
tion of Livin can be an alternative mechanism that regulates
the balance between the anti- and pro-apoptotic activity of
Livin (27). However, Livin is involved in networks of closely
related molecules and factors, and regulates the cell function
by numerous cross-communication methods, which has made
it a promising target for the development of potential gene
therapy. Thus, we developed a novel experimental animal
model to examine the effect of Livin in lung cancer.

The safety and efficiency of the lentiviral vector transduc-
tion system, which did not alter the biological characteristics
of the cells or survival time of the animal models, caused
substantial expression of genes over 20 weeks (28-30). In

the current study, using the Livin specific SiRNA expres-
sion vector for gene knock-down, we successfully achieved
stable suppression of Livin expression in A549 cells.
Downregulation of Livin expression not only led to slower
cell proliferation and growth rate, but also regulated down-
stream gene expression resulting in inhibition of cell invasion.
In this study, it was found out that genetic downregulation
of Livin inhibited cell proliferation and growth by causing
a marked decrease in VEGF (almost to 0% at the translation
level). The mRNA expression which was not in line with the
protein expression suggested that transcription accounted for
only a minor fraction of gene expression. VEGF, also known
as VEGFA, has a number of functions in tumor progression.
According to the origin of VEGF, it is generally classified as
autocrine VEGF which participated in cell survival, and was
identified as a contributor to the size of the cancer stem cell
pool (31) and paracrine VEGF which conveyed critical signals
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for cell biological behavior including proliferation and perme-
ability responses (32). In the present study consistent findings
were recorded by real-time PCR and western blotting, Livin
knock-down interfered with both forms of VEGF causing a
sharp reduction in VEGF secretion by A549 cells in vitro. The
MMPs, which are key nodal proteases and control the protease
web, consist of a large family with nearly 30 members (33).
MMP2 and MMP9, known as gelatinases, are considered to
be involved in cell invasion. We showed that total expression
levels of MMPs were indistinguishable on the basis of Livin
silencing, in sharp contrast to the change in the activated forms
of MMPs. Although, the three main levels including trans-
cription, proenzyme activation and inhibition control MMP
proteolytic activity in the cells (34), the invasion ability of
lung cancer cells is attributed to the transformation of MMPs
from pro-MMPs to activated forms other than alteration in
the total MMP expression. Thus, specific cells have their own
distinguishable mechanism in the mediation of genome and
proteome.

BALB-nude mice, which congenitally lack immunological
T cells have a leading role in anticancer immunity, but are
characterized by abundant B cells and inherited immune
components including cytokines and natural killer cells. In the
present study, we used BALB-nude mice as in vivo models
for a better evaluation of the interactions between xenotrans-
planted tumors and host defense due to their immunodeficiency
background. There are many approaches for the analysis of
metastases: subcutaneous, intraperitoneal, orthotopic, intra-
cardiac and intravenous injection. The intravenous approach
which was used in our study was customized for the lung
metastasis assay based on the rationale that the pulmonary
vascular bed acted as the first station for tumor cells injected
via the mouse lateral tail vein. Lung cancer cells in the blood
circulation were blocked in the pulmonary capillary bed, and
penetrated the blood vessel wall mimicking the metastasis
process after the intravasation step. Subsequently, when the
cancer cells arrested in the lung, the tumorigenesis process
began (2). In this study, the lentivirus vector transfected cells
were used instead of the separate application of vectors and
tumor cells, because the extraneous vectors in the circu-
lating blood might motivate the animal defense to reversely
neutralize the imminent transfection (35).

The animals which were euthanized at different time points,
enabled a dynamic follow-up of the way Livin functioned
in vivo. Five weeks after tumor implantation, a significant
decrease in tumor burden in the experimental group strongly
indicated anti-metastasis and tumorigenesis inhibition. This
was ascribed to several reasons e.g., reduced MMPs expres-
sion in the treatment group meant less metastatic ability, and
resulted in fewer cells settling in the lung (36). Following
this, cells proliferated, but the LV-shRNA transfected cells
impeded tumor expansion because of the impairment of
tumor neoangiogenesis resulting from VEGF inhibition.
Further analysis of human specific GAPDH-normalized
Livin expression and the correlated genes in Livin modulated
signal-transduction pathways indicated reduced transfection
efficacy, i.e., transfected tumor cells which accounted for
over 95% of the total cells injected into the mice were elimi-
nated due to decreased invasive ability, and the minority of
untransfected cells, which were arrested in the lung, expanded
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and led to oncogenesis. Moreover, the gradual development
of tumors from the outer to the inner areas of the lungs seen
on microscopic pathology (Fig. 4A) was regarded as evidence
that tumor cells were arrested in the microvascular bed. In the
three groups, the lung cancer stage was not uniform, the stage
of the neoplastic process affected by Livin-targeted therapy in
the experimental group tended to be earlier. Overall, an impor-
tant conclusion drawn from our studies was that Livin was
characterized by stage-independent expression in lung adeno-
carcinoma cells (37) and the growth of lung cancer followed
an S-shaped curve (Fig. 4A). With regard to vectors encoding
eGFP, the fluorescence microscopy for their real-time imaging
was feasible (38-40). In our work, we used lentiviral vectors
encoding eGFP as a dynamic fluorescent tracer but obtained
a negative outcome, although we further opened skin-flap
window and cut out the lungs for fluorescent imaging. One
probable explanation was that the low aggregation of tumor
nodules accounted for the negative results and the IVIS system
was not fit for fluorescence imaging of tumors inside the mouse
body (41,42), but rather the bioluminescent imaging (43). In the
subcutaneous models, the reduction in tumor weight and tumor
volume followed Livin gene silencing (9,21). In the intravenous
models, the xenografts grew larger as the tumor progressed,
and the lung weight was correlated with the relative ratio of
the areas with tumor nodules which represented the volume of
the tumor in situ, although the interaction between lung cancer
and the host might influence the lung weight. Taken together,
we demonstrated that the experimental models were reliable
and reproducible in our work. In addition, we postulate that
prolonged survival should have been elicited in the experi-
mental group because our previous study demonstrated that
the local injection of lentivirus-delivered Livin shRNA effec-
tively suppressed lung carcinoma development with minor
adverse reactions. It is essential to elucidate whether eGFP, in
addition to other components of the heterogeneous tumor cell
lysates, are toxic to cells and amplify the arousal responses to
antigen in the anti-neoplastic inflammatory process during the
intravenous injection approach (44,45) and vectors encoding
Luciferase may be an alternative.

In conclusion, our findings indicate that knock-down of
Livin inhibits cell growth and invasion through blockade of the
VEGF and MMPs pathways in lung cancer cells in vitro, and
inhibits tumorigenesis and metastasis of lung cancer in vivo,
suggesting that Livin may be an appropriate anticancer target
for the treatment of lung cancer. This is the first demonstration
that tumorigenesis and metastasis of lung cancer can be inves-
tigated in a reliable and reproducible experimental animal
model in a time-dependent manner.
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