
Abstract. RNA interference (RNAi) is an evolutionarily
conserved process of gene silencing in multiple organisms,
which has become a powerful tool for investigating gene
function by reverse genetics. Herein, we constructed a short
hairpin RNA (shRNA) lentiviral expression vector targeting
a proliferation-inducing ligand (APRIL) gene in the
CFPAC-1 cell (a type of cell strain of human pancreatic
cancer) in order to observe the inhibitory effect of APRIL
gene's shRNA on the growth of the CFPAC-1 cell in vitro
and in vivo. The results showed that lentivirus-mediated
RNAi effectively inhibited the expression of APRIL mRNA
and protein in CFPAC-1 cells. Moreover, it can inhibit the
growth of pancreatic cancer cells in vitro and in vivo. Our
study indicates that lentivirus-mediated gene therapy is an
attractive strategy in the treatment of pancreatic cancer and
justifies the use of lentivirus in cancer gene therapy studies.

Introduction

Cancer cells are characterized by self-sufficiency in growth
signals, insensitivity to anti-growth signals, sustained
angiogenesis, tissue invasion and metastasis, limitless
replicative potential and evasion of apoptosis (1). Despite the
advances in surgery, radiotherapy and chemotherapy, the
long-term survival rates of pancreatic cancer have not
significantly improved. Gene therapy for pancreatic cancer is
currently under investigation in clinical trials (2-4).

RNA interference (RNAi) has been widely used in the
study of gene therapy for cancer (5-7). Many groups have
reported the use of synthesized oligonucleotides or siRNA
encoding plasmids to induce RNAi in mammalian cells by
transfection, though this is still limited in its application,
especially when it is necessary to generate long-term gene
silencing in vivo (8,9). To circumvent this problem, lentivirus-
delivered RNAi was developed. Viral vectors combined
with RNAi provide useful tools in elucidating gene function
by the analysis of loss-of-function phenotype and to explore
the application of RNAi in gene therapy. Furthermore, the
use of retroviral vectors can greatly expand the cell types
available for RNAi analysis. Thus, the lentivirus vector is
considered to be a promising gene delivery tool (10-12).

A proliferation-inducing ligand (APRIL) gene is a recently
found new member of the tumor necrosis factor (TNF)'s
superfamily. Studies have confirmed that the APRIL gene is
overexpressed in many tumor tissues and tumor cell lines,
particularly in the digestive system carcinomas, such as
pancreatic cancer, gastric cancer, colon carcinoma, hepatoma
and esophageal carcinoma etc, which suggests that APRIL
plays an important role in the occurrence and development of
these tumors (13-15).

Our previous experiments have further confirmed that
the APRIL protein is overexpressed in pancreatic cancer
tumors, yet, it is not expressed or has a weak expression in
normal pancreatic gland tissues. Moreover, several
pancreatic cancer cell lines have been screened and it has
been found that the CFPAC-1 cell line is highly expressed in
the APRIL gene. To study the effect mechanisms of the
APRIL gene in the occurrence and development of pancreatic
cancer, we constructed lentiviral vectors of RNAi targeting
the human APRIL gene, then observed the inhibitory effect of
APRIL gene's short hairpin RNA (shRNA) on the growth of
CFPAC-1 cells in vitro and in vivo, in order to probe the
feasibility of gene therapy for pancreatic cancer.

Materials and methods

Cell culture. The 293T packaging cell line and human
pancreatic cancer cell line CFPAC-1 (Academy of Life
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Science, China) were maintained in Dulbecco's modified
Eagle's medium (DMEM, Invitrogen, USA), supplemented
with 10% fetal bovine serum (FBS, Hyclone, Logan, USA) and
antibiotics (100 mg/ml streptomycin and 100 U/ml penicillin)
at 37˚C in a humidified incubator containing 5% CO2.

Construction of lentiviral vector. Three self-complementary
hairpin DNA oligos targeting APRIL mRNA were syn-
thesized; the sequences were 5'-TAATCCAGGATGCTG
GAGTTTATTCAAGAGATAAACTCCAGCATCCTGGA
TTTTTTTTC-3' and 5'-TCGAGAAAAAAAATCCAGGAT
GCTGGAGTTTATCTCTTGAATAAACTCCAGCATCCT
GGATTA-3', named as APRILshRNA1, 5-TAAGCCTTAT
CCTACGTCCTTCTTCAAGAGAGAAGGACGTAGGAT
AAGGCTTTTTTTTC-3' and 5'-TCGAGAAAAAAAAGC
CTTATCCTACGTCCTTCTCTCTTGAAGAAGGACGTA
GGATAAGGCTTA-3', named as APRILshRNA2, 5'-TCAT
CCAGAACAGCACCACCATTTCAAGAGAATGGTGGT
GCTGTTCTGGATGTTTTTTC-3' and 5'-TCGAGAAAAA
ACATCCAGAACAGCACCACCATTCTCTTGAAATGGT
GGTGCTGTTCTGGATGA-3', named as APRILshRNA3,
including 9-nt loop sequences (underlined). A negative
control to DNA oligos targeting APRIL mRNA was also
designed; the sequences were 5'-TAATTCTCCGAACGTGT
CACGTTTCAAGAGAACGTGACACGTTCGGAGAATT
TTTTTT-3' and 5'-TCGAGAAAAAAAATTCTCCGAAC
GTGTCACGTTCTCTTGAAACGTGACACGTTCGGAGA
ATTA-3', named as APRILshRNA control. DNA oligos were
annealed and inserted in the human U6 promoter site of the
pGCL-GFP vector (Qiagen, The Netherlands). Then, the
RNAi cassette was cloned into the latter vector and lentiviral
vectors expressing shRNA were constructed. They were then
confirmed by RT-PCR and DNA sequencing identification
(3730xl DNA Analyzer, ABI, USA). The two primers
targeting both sides of the pGCL-GFP vector's insert location
were designed, forward primer, 5'-GTGTCACTAGGCGGG
AACAC-3'; reverse primer, 5'-TTATTCCCATGCGACGGT
ATC-3'.

Construction of recombinant retrovirus and transfection into
CFPAC-1 cells. Lentiviral vector DNAs and packaging
vectors (pHelper1.0, pHelper2.0) (Qiagen) were then
transfected into 293T cells. After transfection, the cells were
incubated at 32˚C to increase viral titer. Forty-eight hours later,
the supernatant containing the retroviral particles was
collected, filtered through the 0.45 μm low protein binding
syringe filter and the titer of lentiviruses was determined.
CFPAC-1 cells were maintained in DMEM and were plated
into 6-well plates at 3x105 cells/well. Twenty-four hours
later, the cells were infected with viral supernatants in the
presence of polybrene (6 μg/ml final concentration) for 12 h
at a multiplicity of infection (MOI) of 5, then added to a fresh
medium with fresh viral supernatants. After 24 h, the cells
were incubated with a fresh viral supernatant for an additional
12 h. The transfected CFPAC-1 cells were subcultured at an
appropriate density in fresh DMEM and 90% of the cells
were transfected at 6 days post-transfection as indicated by the
expression of GFP.

Real-time RT-PCR analysis. Total RNA was extracted using
an RNA purification kit from Invitrogen following the

manufacturer's instructions. The real-time RT-PCR reactions
were run on a real-time PCR system (iQ5 real-time PCR,
Bio-Rad, USA) with the following cycle conditions: 95˚C for
10 sec, 40 cycles at 95˚C for 5 sec and at 60˚C for 30 sec. A
standard curve for APRIL was created using serially diluted
total RNA from CFPAC-1 cells and used to quantify relative
APRIL mRNA levels. The sequences of the APRIL gene
primers were: forward primer, 5'-GGTATCCCTGGCAGA
GTC-3'; reverse primer, 5'-CTGTCACATCGGAGTCATC-3';
the product was 174 bp. ß-actin was served as a control for
normalization, the primers were: forward primer, 5'-GTGGA
CATCCGCAAAGAC-3'; reverse primer, 5'-AAAGGGTGT
AACGCAACTA-3'; the product was 302 bp.

Western blot analysis. The CFPAC-1 cells were lysed with a
denaturing SDS-PAGE sample buffer using standard methods.
Protein lysates were separated by 10% SDS-PAGE and
transferred onto nitrocellulose membranes. The membranes
were blocked with TBS containing 0.1% Triton X-100 and 5%
nonfat milk overnight at 4˚C, then incubated with anti-human
APRIL antibody (dilution at 1:1000, Prosci, CA) and ß-actin
(dilution at 1:5000, Santa Cruz, USA) at 4˚C overnight. After
washing, the membranes were incubated with HRP-conjugated
mouse Ig at room temperature for 1 h. Signal detection was
carried out with an ECL system (Amersham Biosciences,
USA).

Flow cytometry analysis of apoptosis. The CFPAC-1 cells
were harvested and fixed with ice-cold 70% ethanol. Fixed
samples were centrifuged at 250 x g for 5 min, treated with
RNase (0.25 mg/ml) and re-suspended in propidium iodide
(50 g/ml) at room temperature. Propidium iodide-stained cells
were analyzed by flow cytometer (Coulter Epics XL,
Beckman, USA).

MTT assay cell growth viability. The cell growth following
transfection was evaluated by MTT assay. Cells at a
concentration of 5x103 per well were seeded in a 96-well
plate and incubated for 24 h. Seventy-two hours after
transfection, the cells were incubated with 0.5 mg/ml MTT
(Sigma Chemical Co.). After 4 h, the medium was replaced
with 100 μl dimethyl sulfoxide (DMSO) (Sigma Chemical Co.)
and vortexed for 10 min. Absorbance (A) was then recorded at
570 nm using an Elx800 Reader (Bio-Tek, USA). Cell viability
was calculated as a percentage of the non-transfected control.
All experiments were performed five times independently.

Tumorigenicity experiments and the treatment of established
tumors. To determine whether APRILshRNA silence APRIL
gene could inhibit tumor development in vivo, non-transfected
control cells, APRILshRNA control, APRILshRNA1,
APRILshRNA2 and APRILshRNA3 transfected CFPAC-1
cells (1x106 cells in 100 μl) were injected subcutaneously into
the axilla of each BALB/c nude mouse. The tumor growth was
monitored weekly in two dimensions and tumor size was
calculated according to the formula v = a2b/2, where a and b
are the shortest and longest diameters, respectively. To
determine the effect of APRIL inhibition on established
tumors, CFPAC-1 cells (1x106 cells in 100 μl) were injected
subcutaneously into the axilla of each mouse and allowed to
develop measurable tumors. Then, the mice were treated with
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the APRILshRNA control, APRILshRNA1, APRILshRNA2
and APRILshRNA3 (1x107 transducing units/tumor) every
5 days; the mice treated with 0.9% sodium chloride were
used as controls.

Statistical analysis. Average values were expressed as mean
± standard deviation (SD). Statistical significance between
the different groups was determined by the Student's t-test.
P-values <0.05 were considered significant.

Results

Lentivirus-mediated RNAi inhibits APRIL gene expression in
CFPAC-1 cells. In order to exclude an off-target silencing
effect mediated by specific shRNA, we employed 3 different
sequences of shAPRIL in our present study. To evaluate the
inhibition of APRIL mRNA expression, real-time RT-PCR
was performed 72 h after transfection, the APRIL mRNA
expression in APRILshRNA1 and APRILshRNA2 transfected
CFPAC-1 cells were reduced by 75 and 71%, respectively, as
compared with the non-transfected control and APRILshRNA
control transfected ones (P<0.05). In addition, no difference
was observed among the non-transfected control cells and the
APRILshRNA control, APRILshRNA3 transfected cells
(Fig. 1), indicating that the corresponding mRNA sequences
for APRILshRNA1 and APRILshRNA2, though not APRIL
shRNA3, are specific RNAi targets.

Lentivirus-mediated RNAi inhibits APRIL protein expression
in CFPAC-1 cells. Western blot analysis was performed 72 h
after transfection. The APRIL protein expression demonstrated

a significant reduction in APRILshRNA1 (3.83±1.4% of
ß-actin) and APRILshRNA2 (4.27±1.9% of ß-actin) transfected
CFPAC-1 cells respectively, as compared with a non-
transfected control (23.5±3.2% of ß-actin), APRILshRNA
control (22.1±3.5% of ß-actin) and APRILshRNA3
(19.3±4.0% of ß-actin) transfected ones (P<0.05) (Fig. 2),
suggesting that APRILshRNA1 and APRILshRNA2 strongly
blocked APRIL expression, whereas no obvious inhibition of
APRIL protein was observed in non-transfected control cells
and APRILshRNA control and APRILshRNA3 transfected
cells.

APRIL RNAi enhanced apoptosis and growth inhibition in
CFPAC-1 cells. To further evaluate whether silencing the
APRIL gene in CFPAC-1 cells may promote cell apoptosis,
flow cytometry analysis was performed and the apoptosis
index was calculated. In the cells transfected with the non-
transfected control, APRILshRNA control, APRILshRNA1,
APRIL shRNA2 and APRILshRNA3, the apoptosis index
was (4.8±0.5)%, (4.0±0.8)%, (15.3±0.7)%, (14.1±1.2)% and
(5.5±0.9)%, respectively. Apoptosis indexes were significantly
higher in APRILshRNA1 and APRILshRNA2 transfected
cells as compared with the non-transfected control, APRIL
shRNA control and APRILshRNA3 transfected ones
(P<0.05).

MTT analysis revealed a cell growth inhibition consistent
with the results of an apoptosis analysis. As shown in Fig. 3,
cell growth was significantly inhibited in APRILshRNA1
and APRILshRNA2 transfected cells as compared with the
non-transfected control, APRILshRNA control and APRIL
shRNA3 transfected ones (P<0.05).

APRIL RNAi inhibits tumor growth in vivo. To determine
whether APRILshRNA silences the APRIL gene could inhibit
tumor development in vivo, non-transfected control cells,
APRILshRNA control, APRILshRNA1, APRILshRNA2 and
APRILshRNA3 infected CFPAC-1 cells were injected into the
nude mice and the tumor growth was monitored weekly. When
compared with non-transfected control cells, APRILshRNA
control and APRILshRNA3 infected CFPAC-1 cells, the
APRIL shRNA1 and APRILshRNA2 transfected cells
developed much smaller tumors in the nude mice (P<0.05),
(Fig. 4A).
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Figure 1. Expression of APRIL mRNA after CFPAC-1 cells transfected by
i) non-transfected control, ii) APRILshRNA control, iii) APRILshRNA1, iv)
APRILshRNA2 and v) APRILshRNA3. The image is from four independent
experiments, which illustrates that APRILshRNA1 and APRILshRNA2,
rather than the non-transfected control, APRILshRNA control or
APRILshRNA3, reduces APRIL mRNA in CFPAC-1 cells (P<0.05).

Figure 2. Expression of APRIL protein after CFPAC-1 cells transfected by
i) non-transfected control, ii) APRILshRNA control, iii) APRILshRNA1,
iv) APRILshRNA2 and v) APRILshRNA3. The image is from four
independent experiments, which illustrates that APRILshRNA1 and
APRILshRNA2, rather than the non-transfected control, APRILshRNA control
or APRILshRNA3, reduces APRIL protein in CFPAC-1 cells (P<0.05).

Figure 3. APRILshRNA1 and APRILshRNA2 significantly reduced cell
viability assayed by MTT in CFPAC-1 cells as compared with the non-
transfected control, APRILshRNA control and APRILshRNA3 transfected
ones (P<0.05). i) Non-transfected control, ii) APRILshRNA control, iii)
APRILshRNA1, iv) APRILshRNA2 and v) APRILshRNA3.
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Moreover, to determine the effect of APRILshRNA
inhibition on established tumors, CFPAC-1 cells were injected
into the mice and were allowed to develop measurable tumors.
Then the mice were treated with 0.9% sodium chloride,
APRIL shRNA control, APRILshRNA1, APRILshRNA2 and
APRIL shRNA3 every five days. There was no animal death
in the course of the treatment and no other complications such
as skin necrosis were detected due to infection. Intra-tumor
injection with APRILshRNA1 and APRILshRNA2 could
significantly suppress the growth of tumors, compared with
being injected 0.9% sodium chloride, APRILshRNA control
and APRILshRNA3 (P<0.05), (Fig. 4B).

Discussion

The phylogenetically conserved cellular phenomenon of
RNAi, the sequence-specific posttranscriptional silencing of
gene expression mediated by small double-stranded RNAs-
holds substantial promise for basic research and drug
development. Particularly attractive from a medical standpoint,
is the juxtaposition of new RNAi methodology with established
gene transfer strategies, especially viral vectors for efficient
and tissue-specific RNAi delivery to patients (16). RNAi,

combined with the versatility and robustness of lentiviral
vector-mediated gene delivery to a wide range of cell types
offers the possibility of a long-term downregulation of
specific target genes in vitro and in vivo. The use of silencing
lentivectors allows for a rapid and convenient way of
establishing cell lines (or transgenic mice) that stably express
shRNAs for analysis of the effects produced by the
knockdown of a specific gene (17).

Pancreatic cancer is the fourth leading cause of cancer-
related death in the USA. The disease has a high mortality rate
and the 5-year survival rate is estimated to be 4%. Currently,
surgical resection is only possible in 20% of patients; even
then, the overall 5-year survival rate is only 25% (18). Despite
scientific efforts and significant progress in understanding
the basic cellular event in pancreatic cancer, survival rates
have not changed much during the last 20 years. Prognosis in
pancreatic cancer remains unsatisfactory due to its late clinical
presentation, low surgical resectability rates and resistance to
chemotherapy. Novel therapeutic strategies are needed urgently
in order to improve the prognosis of patients with pancreatic
cancer (19). During the course of cancer development, gene
abnormality such as mutation or amplification can be
detected frequently, which may be related with tumor
survival, progression and metastasis. In human pancreatic
cancer, a series of specific gene (oncogene and tumor
suppressor gene) mutations are observed, including the APRIL
gene.

APRIL, also known as TALL-2 and TNFSF13, is a new
found mumber in the TNF superfamily. It is closely related
to the B cell activation factor from the TNF family (BAFF).
These two TNF ligands share the receptors, B cell
maturation antigen (BCMA) and transmembrane activator,
calcium modulator and cyclophilin ligand interactor (TACI)
(20). Recently, APRIL binding to the heparan sulfate side-
chains of proteoglycans (HSPG) was demonstrated (21,22).
In animal models, APRIL shows a tumor-promoting
activity, as their overexpression induces the development of
B cell neoplasia (23,24). A direct binding onto tumor cells
via HSPG was observed in vitro experiments and confirmed
in situ and indicates a potential role for HSPG/APRIL
interactions in the development of tumors (25).

APRIL tumor-promoting activity is not restricted to B cell
lymphomas. Furthermore, APRIL was shown to provide a
proliferative/survival signal to tumor cells. This activity has
been observed significantly in vivo by the overexpression of
APRIL in tumor cells or by blocking endogenous APRIL
(26-28).

In this study, we constructed the shRNA lentiviral
expression vector targeting APRIL gene in CFPAC-1 cells,
then observed an inhibitory effect of APRIL gene's shRNA
on the growth of CFPAC-1 cells in vitro and in vivo. The
results showed that APRILshRNA1 and APRILshRNA2,
rather than the non-transfected control, APRILshRNA
control or APRILshRNA3, effectively inhibited the
expression of APRIL mRNA and protein in CFPAC-1 cells.
Moreover, APRILshRNA1 and APRILshRNA2, rather than a
non-transfected control, APRILshRNA control or APRIL
shRNA3, inhibited the growth of the pancreatic cancer cells
in vitro and in vivo. Our present study suggests that APRIL is
a feasible RNAi target gene for pancreatic cancer. Thus,
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Figure 4. APRIL RNAi inhibits tumor growth in vivo. (A) Non-transfected
control cells, APRILshRNA control, APRILshRNA1, APRILshRNA2 and
APRILshRNA3 transfected cell growth in nude mice. APRILshRNA1 and
APRILshRNA2 compared with non-transfected control, APRILshRNA
control and APRILshRNA3 at the fourth, fifth and sixth weeks, p<0.05. (B)
Intra-tumor injection of sodium chloride, APRILshRNA control,
APRILshRNA1, APRILshRNA2 and APRILshRNA3 to observe the growth
of pre-established tumors in nude mice. APRILshRNA1 and APRILshRNA2
compared with sodium chloride, APRILshRNA control and APRILshRNA3
after 25 and 30 days of injection (P<0.05).
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stable lentivirus-mediated APRILshRNA holds great promise
as a novel approach for APRIL-positive pancreatic cancer
treatment.

Furthermore, our study indicates that lentivirus-mediated
gene therapy is an attractive strategy in the treatment of
pancreatic cancer and justifies the use of lentivirus in cancer
gene therapy studies. However, to further promote the
technique into a gene therapeutic approach, an effective and
safe protocol should be developed. In summary, further studies
should focus on the lentivirus vector delivery strategies that
can carry APRILshRNA specifically into APRIL-positive
cancer cells with low toxicity and high efficiency.
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