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Silencing survivin expression inhibits the tumor growth
of non-small-cell lung cancer cells in vitro and in vivo
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Abstract. Survivin is a promising anticancer therapeutic
target due to its important role in the inhibition of apop-
tosis of tumor cells. However, little is currently known
about its role in non small cell lung cancer (NSCLC). The
present study evaluated whether the downregulation of
survivin expression would affect cell proliferation, cell cycle
distribution, apoptosis and colony formation of NSCLC.
A recombinant lentiviral small hairpin RNA (shRNA)
expression vector, which specifically targeted survivin, was
constructed and transfected into the A549 human NSCLC
cell line. Quantitative polymerase chain reaction and western
blotting were used to determine the mRNA and protein
expression levels of survivin, 48 h following the knockdown
of survivin expression. Cell proliferation, apoptosis, cell
cycle distribution and colony formation were determined
following the downregulation of survivin by shRNA. In addi-
tion, A549 cells were injected into nude mice, and the effects
of shRNA targeting the survivin gene on tumor growth were
assessed. Downregulation of survivin expression, using the
RNA silencing approach in A549 tumor cells, significantly
suppressed the proliferation and colony formation ability
of the cells, and induced tumor apoptosis in vitro. The nude
mice inoculated with A549 cells developed cancer, and treat-
ment with shRNA targeting survivin markedly inhibited
the growth of these cancers, with no obvious side effects.
The results of the present study suggest that suppression of
survivin expression by RNA interference may induce NSCLC
apoptosis, and provide a novel approach for anticancer gene
therapy.
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Introduction

Non-small-cell lung cancer (NSCLC) accounts for ~85% of
all lung cancers (1). NSCLC is the most common cause of
cancer-associated mortality worldwide, with<15% of patients
surviving beyond five years, due to the lack of early diag-
nosis and effective treatment methods (2,3). Chemotherapy
and radiotherapy have been widely used in the treatment of
advanced NSCLC; however, the outcome remains unsatis-
factory, with low long-term survival rates, therefore a more
effective and safer therapy for NSCLC is required (4). With
advances in the understanding of the molecular pathways
associated with NSCLC progression, targeted therapies that
are designed to interfere with cancer cell growth and survival,
have potential as novel NSCLC therapeutics.

Survivin, a member of the Inhibitor of Apoptosis Protein
(IAP) family (5), has been identified as a promising therapeutic
target in cancers, as it has been shown to be overexpressed in
a wide range of tumors, including stomach (6), colorectal (7),
lung (8), breast (9), pancreatic (10), ovarian (11), prostate
cancers (12), and melanoma (13). In addition to its role in the
inhibition of apoptosis, survivin has a critical role in the regula-
tion of cell division, by inducing exit from G, checkpoint arrest
and subsequent entry into the S phase (14). Previous studies
have demonstrated that survivin expression is low in normal
cells, but is high in proliferating cancer cells and during cancer
angiogenesis (15). These results suggest that survivin may be a
suitable target for anticancer therapy.

Survivin expression is closely associated with the sensi-
tivity of cancer cells to chemotherapy, survival time, and
prognosis (16). Inhibition of survivin expression may induce
apoptosis, inhibit cancer growth, and enhance the sensitivity of
cancer cells to chemotherapy and radiotherapy (17). Previous
studies have reported on the transfection of lung cancer cells
with small interfering (si)RNA specifically targeting survivin.
Chen et al (18) reported that downregulation of survivin
expression by RNA interference (RNAi) in A549 cells, mark-
edly decreased the invasive and metastatic capabilities of the
cells, suppressed proliferation, decelerated the rate of growth,
reduced the number of clones on soft agar and decreased the
capacity of reconstituted basement membrane penetration
and migration. However, this study did not investigate the
responses in an in vivo model.

In the present study, the effects of RNAIi targeting
survivin were examined, on cell proliferation, cell cycle
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distribution and cell apoptosis in the A549 human NSCLC
cell line in vitro and on tumor growth in a lung cancer xeno-
graft in vivo.

Materials and methods

Cell culture. The A549 human NSCLC and HEK 293T human
embryonic kidney cells were purchased from the Cell Bank
of Type Culture Collection of Chinese Academy of Sciences,
Shanghai Institute of Cell Biology, Chinese Academy of
Sciences (Shanghai, China). The A549 and HEK 293T
cells were cultured in RPMI-1640 medium (Invitrogen
Life Technologies, Carlsbad, CA, USA), supplemented with
heat-inactivated 10% fetal bovine serum (FBS) (Biochrom
AG, Berlin, Germany) at 37°C, in a humidified atmosphere
containing 5% CO,.

Construction of survivin small hairpin (sh)RNA-containing
lentivirus and infection. The pshRNA-H1-Luc lentivector
(System Biosciences, Mountain View, CA, USA) used
in the present study was designed to coexpress lucif-
erase, cloned from the Copepod. The shRNA sequence
targeting the human survivin gene was as follows: Sense,
5'-GGCTGGCTTCATCCACTGC-3', and has previ-
ously been shown to efficiently downregulate human
survivin expression (18). The shRNA sequence used
for the scrambled negative control (NC) was: Sense,
5-AATTCTCCGAACGTGTCACGT-3". This sequence did
not target any known gene product and had no significant
sequence homology with human gene sequences, which is
essential for determining the effects of shRNA delivery.
Pairs of complementary oligonucleotides containing these
sequences were synthesized (Invitrogen Life Technolgies)
and cloned into the pshRNA-HI-Luc lentivector. The
pshRNA-HI-Luc lentivectors containing the shRNA
sequences and the pPACK Packaging Plasmid Mix (System
Biosciences, Shanghai, China) were cotransfected into
HEK 293T producer cells using Lipofectamine® 2000
(Invitrogen Life Technologies). The viral supernatants were
harvested following 48 h, and the titers were determined with
serial dilutions of concentrated lentivirus.

Quantitative polymerase chain reaction (qPCR). The A549
and HEK 293T cells were harvested for RNA extraction
48 h after shRNA treatment. The RNA was extracted using
the RNeasy Mini kit, with the RNase-free DNase Set to
remove any contaminating genomic DNA (Qiagen, Valencia,
CA, USA). The RNA was reverse-transcribed into cDNA
using the Primescript™ RT reagent kit, according to the
manufacturer's instructions (Takara Bio Inc., Otsu, Japan).
The qPCR assays were performed using the SYBR® Green
Real-Time PCR Master Mix (Toyobo Co., Ltd., Osaka,
Japan) and qPCR amplification equipment (ABI 7900 Fast
System; Applied Biosystems Life Technologies, Foster
City, CA, USA) using the following specific primers:
Survivin forward, 5'-~AGAACTGGCCCTTCTTGGAGG-3/,
and reverse, 5'-CTTTTTATGTTCCTCTATGGGGTC-3";
GAPDH forward, 5"“TGTGGGCATCAATGGATTTGG-3',
and reverse, 5'-ACACCATGTATTCCGGGTCAAT-3". The
PCR conditions were used as follows: Pre-denaturing at
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95°C for 5 min, followed by 40 cycles of denaturation at
95°C for 10 sec, annealing/extension at 60°C for 15 sec, and
a final extension at 72°C for 10 min. The specificity of the
amplification was checked using a melting curve analysis.
The expression of the genes of interest were determined by
normalization of the cycle threshold (Ct) of the target genes
to that of the control GAPDH. The 27T method was used to
calculate the relative abundance of the target gene expression
levels, generated by Rotor-Gene 6000 Series Software 1.7
(Qiagen, Hilden, Germany). Each sample was performed in
triplicate.

Western blotting. The cells were lysed in 100 pl radio-
immunoprecipitation assay buffer. The proteins were
then quantified using the bicinchoninic acid kit (Pierce
Biotrchnology Inc., Rockford, IL, USA). A total of 50 ug
of protein samples were loaded and separated by 8-15%
SDS-PAGE and transferred onto nitrocellulose membranes
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The
membranes were blocked in tris-buffered saline (TBS),
containing 5% skim milk and 0.1% Tween® 20 for 2 h at
room temperature, and then incubated with the following
antibodies: Mouse anti-Caspase-3 monoclonal antibody
(1:500 dilution), mouse anti-Caspase-8 monoclonal antibody
(1:500 dilution), rabbit anti-survivin polyclonal antibody
(1:1,000 dilution; Cell Signaling Technologies, Danvers, MA,
USA) and mouse anti-GAPDH monoclonal antibody (1:1,000
dilution; Ambion Life Technologies, Carlsbad, CA, USA) for
2 h. The membranes were then incubated with anti-rabbit or
anti-mouse secondary horseradish peroxidase conjugated
antibodies (1:10,000 dilutions; GE Healthcare Life Sciences,
Uppsala, Sweden) for 2 h. The protein bands were visual-
ized using an Enhanced Chemiluminescence reagent (GE
Healthcare, Vélizy-Villacoublay, France).

Measurement of A549 cell viability by MTT assay. To
measure the effects of downregulation of survivin expres-
sion by shRNA, on cell proliferation, an MTT assay was
performed. A total of 5 x 10* A549 cells/ml were added to a
96-well plate (100 pl/well). In the blank control wells, 100 ul
of medium alone was added. Following a 24 h culture, the
cells were transfected with a lentivirus expressing an shRNA
targeting survivin. The cells were divided into three groups:
Normal control, negative control (NC), and survivin shRNA
groups. There were eight wells of cells cultured for each
group. Following a 48 h culture, 20 ul MTT (5 mg/ml) was
added to each well, followed by an incubation at 37°C for 48 h.
The plates were then centrifuged at 2,000 x g for 10 min. The
supernatants were removed, and 200 u1 dimethyl sufoxide
was added to each well, followed by agitation for 10 min.
The absorbance was measured at 570 nm using a microplate
reader (Molecular Devices, Sunnyvale, CA, USA), and the
inhibition of growth was calculated. The mean proliferation
of cells without any treatment was expressed as 100%.

Cell colony formation assay. The cell suspensions containing
shRNA (1x10* diluted in 0.33% low-melting agarose) were
overlaid on a bottom 0.5% agar layer (3 ml) in a 60-mm dish.
The cells were incubated at 37°C for 14 days, and the medium
was refreshed every three days. Following the incubation,
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the colonies were washed twice with phosphate-buffered
saline (PBS), fixed with ice-cold methanol for 30 min and
stained with giemsa (Dingguo Biotechnology, Co., Ltd.,
Beijing, China) for 10 min. The visible colonies were counted.

Cell cycle analysis. To determine the cell cycle distribution,
5 x 10° A549 cells were plated in 60-mm dishes and treated
with NC or survivin shRNA for 48 h. Following treatment,
the cells were collected by trypsinization, fixed in 70%
ethanol, and maintained at -20°C overnight for fixation. The
cells were then washed in PBS, resuspended in 1 ml of PBS
containing 100 xg/ml RNase and 40 pg/ml propidium iodide
(PI) (Merck, Whitehouse Station, NJ, USA) and incubated
in the dark for 30 min at room temperature. The distribution
of the cells in the cell cycle phases were analyzed from the
DNA histogram using a FACSCaliber™ flow cytometer and
CellQuest™ software (BD Biosciences, San Jose, CA, USA).

Detection of apoptosis. The A549 cells were cultured in
six-well plates in RPMI-1640, containing 10% FBS medium,
and were treated with NC or survivin shRNA for 48 h. The
cover slips were washed three times with PBS (pH = 7.2)
and single cell suspensions were fixed in 1% PBS. The cells
were stained with 100 pg/ml acridine orange and 100 pg/ml
ethidium bromide for 1 min. The cells were observed under
a fluorescence microscope (Olympus Corporation, Tokyo,
Japan). A minimum number of 200 cells were counted and
the percentage of apoptotic cells was determined. At the
molecular level, caspase-3 and caspase-8 protein expression
levels were detected by western blotting, which provided an
additional indicator of apoptosis.

Antitumor effects of survivin shRNA in vivo. All animal
experiments were performed in accordance with institutional
guidelines, following a protocol approved by the Ethics
Committees of the Disease Model Research Center, the First
Hospital of Jilin University (Changchun, China). Female BALB
mice, ~6-7 weeks old, were purchased from the Institute of
Laboratory Animal Science, Jilin University (Changchun,
China) and maintained under specific pathogen-free conditions
and provided with food and water ad libitum. One week prior
to the experiment the mice were fed with a normal pellet diet.

The A549 cells in the exponential growth phase were
harvested and single-cell suspensions (2x10° cells/100 ul
PBS) were injected subcutaneously into the right dorsal
flank of the mice. The size of the tumors were measured
every 2-3 days, and the tumor volume was calculated as
0.5236 x width? x length. When the tumors had grown to an
average volume of 75 mm?, the mice were randomly divided
into survivin shRNA, NC and control groups (n=10/group)
and treated with survivin shRNA or NC shRNA, plus PBS,
in a total volume of 20 ul (10 pl virus plus 10 p1 PBS) once a
week for 21 days. When the control mice began to succumb to
the tumors, the mice in all treatment groups were sacrificed.
After the mice had been sacrificed, the tumors were removed
and directly embedded in an optimal cutting temperature
compound and frozen at -80°C.

Statistical analysis. All data are expressed as the
means + standard deviation. The statistical analyses between
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two samples was performed using a student's t test. A statis-
tical comparison of more than two groups was performed
using a one-way analysis of variance, followed by a Tukey
post hoc test. Graphpad Prism 5.0 software (GraphPad
Software, San Diego, CA, USA) was used for all statistical
analyses. A P<0.05 was considered to indicate a statistically
significant difference.

Results

Survivin gene silencing efficiency in A549 NSCLC cells.
Previously validated survivin shRNA sequences (18), were
cloned into the pshRNA-HI1-Luc lentivector and transfected
into HEK 293T cells. The silencing efficiency of the lenti-
viruses was determined at both the mRNA and protein
expression levels in the A549 cells. A shRNA sequence
presenting no homology with mRNA databases, was used
as a negative control. A qPCR and western blot analyses
were performed to detect the mRNA and protein expression
levels of survivin, three days post-transfection. There was no
significant inhibition of survivin mRNA expression levels in
the NC and control groups. However, the mRNA expression
levels of survivin in the survivin shRNA group were signifi-
cantly downregulated, as compared with the NC and control
groups (Fig. 1A, P<0.01).

There was also no significant inhibition in the protein
expression levels of survivin in the NC and control groups,
whereas the band density was markedly decreased in the
survivin shRNA group, as compared with the NC and control
groups (Fig. 1B, P<0.01). These results suggest that silencing
survivin expression with shRNA significantly decreased the
expression levels of survivin in NSCLC cells.

Effects of survivin shRNA on cell proliferation and colony
formation. Following transfection of the cells with survivin
shRNA, the effects of silencing survivin expression were
determined on tumor cell growth in vitro. The anti-prolifer-
ative effects of survivin expression silencing on A549 tumor
cells were examined using an MTT assay.

Transfection of A549 cells with shRNA targeting survivin
inhibited cell proliferation, as compared with the control and
NC groups (Fig. 2A, P<0.01). The effects of silencing survivin
expression on NSCLC cell colony formation ability were also
assessed. Silencing survivin expression reduced the number
of tumor cell colonies, as compared with the NC and control
groups (Fig. 2B; P<0.01).

Effects of survivin shRNA on cell apoptosis and cell cycle
distribution.To investigate whether silencing survivin expres-
sion may induce apoptosis, the percentage of apoptotic cells
was determined following treatment with shRNA targeting
survivin. The A549 cells treated with survivin shRNA had a
significantly higher rate of apoptosis, as compared with the
control and NC groups (Fig. 3A; P<0.01).

Flow cytometry was performed to assess the effects
of survivin shRNA on the progression of the cell cycle in
AS549 cells. A comparison of the cell cycle distribution of
the survivin shRNA group with the control and NC groups,
indicated that the survivin shRNA group had a significantly
higher proportion of cells in G, and G, phases, and fewer
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Figure 1. Silencing survivin expression inhibited survivin expression in A549 non-small-cell lung cancer tumor cells. (A) Quantitative polymerase chain
reaction and (B) western blotting analysis of survivin, following small hairpin (sh)RNA. The data represent the means + standard deviation. “P<0.01 vs control.
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Figure 2. Silencing survivin expression inhibited cell proliferation and cell colony forming abilities in vitro. Downregulation of survivin by transfection of
small hairpin (sh)RNA significantly suppressed the (A) proliferation, and (B) cell colony formation of A549 human non-small-cell lung cacncer cells. The data

represent the means + standard deviation. “P<0.01 vs control.

cells in S phase (Fig. 3B; P<0.05). There were no significant
differences between the control and the NC groups.

Effects of survivin shRNA on caspase-3 and caspase-8 expres-
sion. To determine the effects on apoptosis following silencing
survivin expression, the protein expression levels of caspase-3
and caspase-8 were analyzed by western blotting. Silencing
survivin expression markedly increased the expression levels
of caspase-3 and caspase-8, in A549 cells, as compared with
the control and NC groups (Fig. 4).

Survivin shRNA slows tumor growth in a murine xenograft
model. The effects of survivin shRNA were also investigated
on tumor growth in mice with lung cancer xenografts. There
were no significant differences in tumor volume pre-treatment,
and the mice from all three groups had clearly evident tumors
at 21 days. The tumor volume was significantly reduced in the
survivin shRNA group on days 7, 14 and 21 (Fig. 5A; P<0.001
for all).

Three days after the end of the treatment, the mice were
sacrificed, and the weight of the tumors were measured. The

tumor weight was significantly less in the survivin shRNA
group, as compared with the control and NC groups (Fig. 5B;
P<0.001). These results demonstrate that silencing survivin
expression may suppress tumor growth of NSCLC in vivo.

Discussion

RNAI is a promising approach for antitumor therapy that
allows in vivo silencing of essential genes for tumor progres-
sion. RNAIi provides an alternative to traditional small
molecule therapies, and has generated a great deal of interest
in treating cancer. However, success of this treatment method
depends on the identification of a gene which is expressed
universally in cancer cells, but not in normal cells. Survivin
may be a potential candidate molecule to target for anti-
tumor therapy. Extensive studies have shown that survivin
is upregulated in various human cancers, including lung
cancer (6-13), but not in normal prostatic tissues. In addition,
a previous study showed that elevated survivin expression is
associated with chemoresistance (19-21). Therefore, targeted
suppression of survivin expression may be a potential
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Figure 3. Effects of silencing survivin expression on apoptosis and cell cycle distribution in vitro. Downregulation of survivin by transfection of small hairpin
(sh)RNA (A) induced apoptosis and (B) suppressed the cell cycle of A549 human non-small-cell lung cancer cells. The data represent the means + standard

deviation. "P<0.05, ““P<0.01 vs control.
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Figure 4. Silencing survivin expression affects the expression levels of apoptosis-associated proteins, as determined by western blotting. The protein expres-
sion levels of caspase-3 and caspase-8 were increased following downregulation of survivin by transfection with small hairpin (sh)RNA targeting survivin.
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Figure 5. Silencing survivin expression significantly suppressed tumor growth in vivo. (A) Tumor weight in xenograft mice 21 days following silencing by small
hairpin (sh)RNA targeting survivin and (B) tumor volume curves of A549 cells following survivn shRNA. The data represent the means + standard deviation.

“P<0.01 vs control.

therapeutic strategy for lung cancer. In the present study,
silencing survivin expression in A549 NSCLC cells using
a specific shRNA resulted in a decreased cell growth and
increased apoptotic rate, these findings are consistent with
previous reports (18).

Survivin, a member of the IAP family, has previously been
reported to be associated with the cell cycle (15). Numerous
studies have shown that survivin protein is synthesized and
expressed at high levels during the G,/M phase of the cancer

cell division cycle, effectively supporting the active cell
growth process (22-25); therefore, inhibition of survivin may
preferentially block cell division. The present study showed
that silencing survivin expression resulted in a significantly
higher proportion of cells in G, and G, phases fewer cells in
S phase, and more apoptotic cells, which may help to block
cell division.

Previous studies have shown that an increased expression
of survivin in cancer tissues is associated with a short survival
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time and poor prognosis. Silencing of survivin expression has
been demonstrated to induce apoptosis, inhibit the growth
of cancer cells, and enhance the sensitivity of cancer cells to
chemotherapy and/or radiotherapy (11,18,26). These findings
suggest that survivin may be a potential target for the diagnosis
and treatment of various types of cancer. The results of the
present study showed that downregulation of survivin expres-
sion, using an RNA silencing approach, in A549 NSCLC cells
significantly suppressed the proliferation and colony forming
ability of the cells, and induced tumor apoptosis in vitro, and
suppressed tumor growth of NSCLC in vivo. These results
further confirm that inhibition of survivin expression may
suppress tumor growth.

In conclusion, the present study demonstrated that
silencing survivin expression may significantly suppress the
proliferation and cell cycle distribution in vitro, and tumor
growth in vivo of NSCLC. These results suggest that ShRNA
targeting survivin may have therapeutic potential for the treat-
ment of NSCLC.
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