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Abstract

Lung cancer has emerged as a leading cause of cancer death in the world. Non-small cell lung cancer (NSCLC)
accounts for 75-80% of all lung cancers. Current therapies are ineffective, thus new approaches are needed to
improve the therapeutic ratio. Double stranded RNA (dsRNA) -mediated RNA interference (RNAI) has shown
promise in gene silencing, the potential of which in developing new methods for the therapy of NSCLC needs to
be tested. We report here RNAi induced effective silencing of the epidermal growth factor receptor (EGFR) gene,
which is over expressed in NSCLC. NSCLC cell lines A549 and SPC-A| were transfected with sequence- specific
dsRNA as well as various controls. Immune fluorescent labeling and flow cytometry were used to monitor the
reduction in the production of EGFR protein. Quantitative reverse-transcriptase PCR was used to detect the level
of EGFR mRNA. Cell count, colony assay, scratch assay, MTT assay in vitro and tumor growth assay in athymic
nude mice in vivo were used to assess the functional effects of EGFR silencing on tumor cell growth and
proliferation. Our data showed transfection of NSCLC cells with dsRNA resulted in sequence specific silencing
of EGFR with 71.31% and 71.78 % decreases in EGFR protein production and 37.04% and 54.92% in mRNA
transcription in A549 and SPC-AI cells respectively. The decrease in EGFR protein production caused significant
growth inhibition, i.e.: reducing the total cell numbers by 85.0% and 78.3 %, and colony forming numbers by 63.3%
and 66.8%. These effects greatly retarded the migration of NSCLC cells by more than 80% both at 24 h and at 48
h, and enhanced chemo-sensitivity to cisplatin by four-fold in A549 cells and seven-fold in SPC-Al. Furthermore,
dsRNA specific for EGFR inhibited tumor growth in vivo both in size by 75.06 % and in weight by 73.08 %. Our
data demonstrate a new therapeutic effect of sequence specific suppression of EGFR gene expression by RNAi,
enabling inhibition of tumor proliferation and growth. However, in vivo use of dsRNA for gene transfer to tumor
cells would be limited because dsRNA would be quickly degraded once delivered in vivo. We thus tested a new
bovine lentiviral vector and showed lentivector-mediated RNAi effects were efficient and specific. Combining
RNAI with this gene delivery system may enable us to develop RNA: for silencing EGFR into an effective therapy
for NSCLC.
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Background

Lung cancer is a leading cause of cancer death in Australia
and the world [1,2]. There are two types of lung cancers,
non small cell (NSCLC) and small cell (SCLC). NSCLC
accounts for 75-80% of all lung cancers. Overall, NSCLC
has a low five-year survival rate of only 8-14%. Further-
more, approximately 75% of all NSCLC patients present
with advanced cancers [3]. The goals to manage this group
of patients are no longer curative, but instead, palliative,
to prolong the survival time through palliation chemo-
therapy or best supportive care [4]. The median survival of
a patient with advanced or metastasis NSCLC is approxi-
mately six to eight months [4,5]. Clearly, the future of
therapy depends on the development of new 'target
agents' that explore methods of inhibiting tumor growth,
or sensitizing tumors to chemotherapy or radiation to add
to current unsatisfactory therapeutic armament.

Gene therapy is one such strategy being considered. Sev-
eral genes have been explored, including tumour necrosis
factor [6], P53 tumour suppresser gene |[7], Herpes Sim-
plex Virus Type-1 (HSV-1) thymidine kinase (TK), and
bacterial cytosine deaminase (CD) gene [8]. These
approaches generally tried to deliver the gene(s) to cancer
cells, and hoped that the transgene would be translated
into a protein to provide a therapeutic effect. However,
clinical trials have shown that the therapeutic outcome
was severely limited by the poor efficiency of current gene
transfer vector systems, inadequate weak promoters to
drive transgene expression. Therefore, so far, only three
cancer gene therapy protocols had reached phase III trials
before being terminated.

Epidermal growth factor receptor (EGFR) is a glycoprotein
with a molecular weight of 170,000 to 180,000. It is an
intrinsic tyrosine-specific protein kinase, which is stimu-
lated upon epidermal growth factor (EGF) binding. The
known downstream effectors of EGFR include PI3-K, RAS-
RAF-MAPK P44/P42, and protein kinase C signaling path-
ways. EGFR signaling involved in cell growth, angiogen-
esis, DNA repair, and autocrine growth regulation in
NSCLC as well as in a wide spectrum of human cancer
cells [9]. Thus, it has recently emerged as an innovative
target for the development of new cancer therapy, partic-
ularly for NSCLC [10].

Recently, a monoclonal antibody against EGFR called
cetuximab has been developed. It has shown excellent
clinical effects for the treatment of lung and head and
neck cancer in a clinical trial in humans [11,12]. Other
small chemical inhibitors, such as ZD-1839 have also
been developed and demonstrated anti-tumor effects in in
vitro and in vivo [13]. However, clinical use of ZD-1839 in
humans has not been very successful. Although long term
evaluation of the drug is still needed, ZD-1839, as a mon-
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oclonal antibody drug (in a protein form), and as with
any other drug therapies, was disappointing, demonstrat-
ing the need for the development of new and effective
technologies [14].

Other novel products based on short DNA and RNA are
also currently being developed. These include LY900003
(Affinitac™), OST-774 (Tarceva™), and trastuzumab (Her-
ceptin). LY900003 is an antisense oligonucleotide, known
to modify gene expression by interacting with the mRNA
involved in the production of disease-specific proteins
[15]. However, antisense therapeutics have shortcomings
in specificity and consistency.

RNA interference (RNAIi) is an evolutionarily conserved
process in which recognition of double-stranded RNA
(dsRNA) ultimately leads to posttranscriptional suppres-
sion of gene expression. This suppression is mediated by
short double stranded RNA (dsRNA), also called small
interfering RNA (siRNA), which induces specific degrada-
tion of mRNA through complementary base pairing. In
several model systems, ie.: mostly lower order animals,
this natural response has been developed into a powerful
tool for the investigation of gene function [16,17]. More
recently it was discovered that introducing synthetic 21-
nucleotide dsRNA duplexes into mammalian cells could
efficiently silence gene expression. Although the precise
mechanism is still unclear, RNAi offers a new way to inac-
tivate genes of interest. When compared with traditional
antisense knockout technologies, it provides a potential
new approach for modulation of oncogenic gene function
in cancer cells [18]. In this study, we investigated the pos-
sibility whether RNAi could silence EGFR gene in com-
monly used NSCLC cancer cell lines, A549 and SPC-A1.
We also assessed the degree of EGFR gene silencing and its
functional outcome in terms of effects on cell prolifera-
tion and growth inhibition in vitro and in vivo. Our
results suggest that RNAi-mediated silencing of EGFR may
provide an opportunity to develop a new treatment strat-
egy for NSCLC.

Materials and methods

Cell lines and cell culture

A549 and SPC-A1 are well-characterized human NSCLC
cell lines, obtained from the Chinese cell collection facil-
ity (Shenergy Biocolor Biological Science & Technology
Company, Shanghai, China). Cells were routinely grown
in Dulbecco's Modified Eagle's Medium (DMEM, Gibco,
USA) supplemented with 10% fetal bovine serum
(HyClone, USA) in a humidified atmosphere of 5% CO,
at37°C.

dsRNA preparation
siRNAs corresponding to EGFR mRNA with dTdT on 3'-
overhangs were designed and chemically synthesized
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according to the recommendation of the manufacturer
(Dharmacon Research, USA) [19]. The following
sequences were successfully made: siRNA-EGFR sense 5'-
GGAGCUGCCCAUGAGAAAUATAT-3' and antisense 5'-
AUUUCUCAUG GGCAGCUCCATdT-3'. The unrelated
nonspecific dsRNAs as control were designed as follow-
ing: sense 5'-GAACUUCAGGGUCAGCUUG CCdTdT-3'
and antisense 5'-GGCAAGCUGACCCUGAAGUUCITAT-
3'. Single strand sense and antisense sequences were
annealed into dsRNA following the manufacturer's
instructions. The annealed dsRNAs were confirmed on a
15% PAGE gel electrophoresis.

In vitro transfection

Transfection of dsRNA was performed with commercial
reagent, Lipofectamine 2000 (Invitrogen, USA) in 6-well
plates following manufacturer's instructions. Briefly, the
day before transfection, confluent layers of cells were
trypsinized, counted and resuspended. Suspension of 1 x
105 of cells was plated into each well of the 6-well plates,
so that they could become about 70% confluence next day
at the time of transfection. Lipofectamine 2000 was
diluted in serum-free DMEM and mixed with dsRNA at a
1:2 ratio (4 pl of 20 umol/L of siRNA formulated with 8
ul of Lipofectamine 2000). The formulation of the mix-
ture continued at room temperature and was applied 25
min later in a final volume of 2 ml per well. The cells were
then incubated for another 48 h. Cell numbers were deter-
mined using a hemocytometer before subsequent assays.

Assessment of the EGFR numbers

The numbers of EGFR in both cell lines were determined
by an immuno-fluorescent assay as previously reported
[20]. The cells were harvested by trypsinization, washed
twice with 1 x PBS, and incubated with mouse anti-EGFR
monoclonal antibodies (mAb), (generously donated by
the Shanghai Institute of Cell Biology, Chinese Academy
of Sciences) for 1 h at 37 °C. The cells were then washed
and stained with FITC-conjugated rabbit anti-mouse anti-
body (Antibody Diagnostic Inc., Shanghai) and left for
incubation in the dark. After 45 min, the cells were sub-
squently washed twice and fixed in 0.5 ml of 4% para-for-
maldehyde. The stained cells were analyzed by a
fluorescent microscopy or on a Becton Dickinson FACS-
can with excitation and emission settings at 488 nm and
530 nm respectively. The numbers of EGFR on NSCLC
cells were finally calculated as the percentage of positive
cells x mean intensity of fluorescence.

RNA isolation and complementary DNA synthesis

Total RNA was extracted from cell pellets using Trizol rea-
gent following manufacturer's instructions (Gibco BRL,
Canada) and dissolved in TE buffer. Total RNA was quan-
tified with a spectrophotometer (Pharmacia Biotech, Pis-
cataway, NJ). To get rid of possible contamination by
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genomic DNA, total RNA was treated with DNase I (Invit-
rogen, USA) for 15 min at room temperature. The reaction
was stopped by addition of 25 mM EDTA and heated at
65°C for 10 min followed by 95°C for 5 min. For comple-
mentary DNA (cDNA) synthesis, 400 ng of total RNA was
transcribed with cDNA transcription reagents using 0.8 ug
of the oligo(dT),q primer for subsequent quantitative,
real-time polymerase chain reaction (PCR).

Quantitative Reverse-Transcriptase PCR

This was performed using an ABI Prism 7700 sequence
detection system (Applied Biosystems) as described previ-
ously [21]. Primers and TagMan probes were designed
using the Primer Express TM 1.0 (Applied Biosystems)
software to amplify approximately 150 base pairs of
sequences. Probes were labeled at 5' end with the reporter
dye molecule FAM (6-carboxy-fluorescein) and at 3' end
with quencher dye molecule TAMARA (6-carboxytetrame-
thyl-rhodamine). Real-time PCRs were conducted in a
total volume of 50 ul with 1 x TagMan Master Mix
(Applied Biosystems) and primers at 300 nM and probes
at 200 nM. Primer sequences were as follows: EGFR gene
forward primer, 5' -CGAGGGCAAATACAGCTITG -3';
backward primer, 5'- CCITCGCACTTCITACACTTIG -3%;
probe  5'FAM-ACGCCGTCTTCCTCCATCTCATA  GC-
TAMRA3'. Thermal cycler parameters included one cycle
at 94°C for 2 min, and 45 cycles involving denaturation
at 94°C for 10 s annealing at 53°C for 30 s and extension
at 72°C for 40 s, followed by a final extension at 72°C for
10 min. The relative amount of EGFR ¢cDNA in each sam-
ple was calculated by dividing the Cvalue with the corre-
sponding value of the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Negative controls
were included in each experiment to ensure the reagents
were free of contamination.

Colony forming assay

The number of colonies was determined as described pre-
viously [21]. Briefly, after transfection with dsRNA and
various controls, cells were trypsinized, counted, and
seeded for the colony forming assay in 60 mm dishes at
300 cells per dish. After incubation for 14 days, colonies
were stained with crystal violet and the numbers of posi-
tive cells counted. Colonies containing more than 50 cells
were scored, and triplicates containing 10-150 colonies/
dish were counted in each treatment.

Scratch assay

This was performed as previously described [22]. Cells
were seeded in triplicate on collagen IV coated 60 mm tis-
sue culture dishes at 1 x 105cells/dish. A scratch through
the central axis of the plate was gently made using a
pipette tip 4 h after the cells were transfected with specific
dsRNA or various controls. Migration of the cells into the
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scratch was observed at two separate time points of 24 h
and 48 h.

Chemo-sensitivity assay

This was performed as described previously [23]. Briefly,
after transfection with specific dsRNA or various controls
in 6-well plates for 24 h, cells were trypsinized, and seeded
into 96 well plates. Cells were, after overnight culture,
exposed to increasing concentration of cisplatin ranged
from 0 to 50 ng/ml for another 24 h. MTT of 20 ul (1 mg/
ml) was added to each well for 4 h at 37°C to allow MTT
to form formazan crystals by reacting with metabolically
active cells. Subsequently the formazan crystals were solu-
bilized by 150 pl of DMSO. The absorbance of each well
was measured in a microplate reader at 490 nm (A,q).
The percentage of cell growth was calculated by compari-
son of the A,y, reading from specific dsRNA transfected
cells versus control transfected cells.

Inhibition of tumor growth in athymic nude mice
Athymic nude mice (3-4 week old male) were obtained
from Shanghai Institute of Cell Biology, Chinese Academy
of Sciences, maintained under aseptic conditions and
cared in accordance with institutional guidelines. They
were then randomized into five groups with 6 mice per
group: ie.: negative control, positive control, transfection
reagent control, unrelated dsRNA control, and dsRNA spe-
cific for EGFR group (dsRNA-EGFR). After plating into 10
cm plate and transfection in vitro, SPC-A1 cells (~1 x 106)
in 50 pul of PBS were injected s.c. into the left flank area of
the mice. An equal volume of PBS was injected into nega-
tive control group. Tumor volumes were determined by
direct measurement with calipers and calculated using the
formularm/6 x (larger diameter) x (small diameter).
Human tumor xenografts were allowed to grow to a size
of 10 mm x 10 mm before the mice were sacrificed and
tumors removed and weighed.

Statistical analysis

The silencing effects of dsSRNA on EGFR on cell growth,
colony formation, cell migration and tumor growth in vivo
were analyzed by student ¢ test. Differences were consid-
ered to be significant at P < 0.05. SPSS10.0 software was
used to perform statistical analysis. In the experiments for
testing chemo-sensitivity that involved multiple cisplatin
doses, the linear quadratic model was fitted with Origin
6.0 software.

ResultsSignificant down-regulation of EGFR gene
expression with siRNA specific for EGFR

Single stranded synthetic RNAs were firstly annealed
together to form dsRNA and then transiently transfected
into tumour cell lines. Forty-eight hours after transfection,
the expression of the EGFR was examined. The fluorescent
immune labeling assay demonstrated that the number of
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the EGFR on the cell membrane was significantly and spe-
cifically inhibited by the transfection of dsRNA specific for
EGFR, but not by unrelated dsRNA (Fig. 1A c-d), nor by
the transfection reagent control and negative control
(without an mADb, Fig. 1A a-b). The number of the EGFR
assessed by a flow cytometry was also in agreement with
the immune assay in which dsRNA-EGFR dramatically
reduced EGFR gene expression to levels that were 71.31%
and 71.78% less than those seen in control groups (P <
0.001). There were no differences in the intensity of fluo-
rescence in the control groups, i.e.: both of the transfec-
tion reagent control as well as unrelated dsRNA group, did
not show any significant decrease (P > 0.05) (Fig. 1B
&1C), suggesting the reduction of the EGFR protein was
significant and specific.

Further molecular analyses revealed that the down-regula-
tion of EGFR expression was the result of a marked
decrease in the transcriptional activity of EGFR. As shown
in Fig. 1E, EGFR specific mRNA were strongly down-regu-
lated by 37.04% and 54.92% in A549 and SPA-A1 cells
treated with dsRNA-EGFR (P < 0.01). As anticipated,
mRNA transcription was not significantly inhibited in
groups (P > 0.05).

DsRNA specific for EGFR also inhibited tumor cell growth
To investigate the functional effect of the down regulation
of the EGFR expression, we performed two experiments;
one was a cell count assay and another, a colony forming
assay. Cell count results showed a significant decrease in
the number of cells by 85.0% in A549 and 78.3% in SPC-
Al (P < 0.001) (Fig 2A) when transfected with dsRNA-
EGFR. In comparison, the number of cells in the control
groups was high and consistent in both cell types.

The results of the colony forming assay were in agreement
with those of cell count. A significant decrease in the
number of colonies by 63.3% in A549 and 66.8% in SPC-
Al was apparent when the cells were transfected with
dsRNA-EGFR. In contrast, cells in the control groups
showed little decrease in the number of colonies. These
results suggest the transfection of NSCLC cells with
dsRNA-EGFR caused dramatic growth inhibition of the
tumor cells (P < 0.001) (Fig 2B).

DsRNA specific for EGFR retarded the migration of NSCLC
To determine whether gene silencing affected the ability
of A549 and SPC-A1 cells to migrate, a scratch assay was
performed by introduction of a scratch on the monolayer
of cells grown on collagen IV coated plates. The results
were quantitatively assessed at 24 h and 48 h and showed
that NSCLC cells transfected with dSRNA-EGFR had a very
low motility at both time points, representing a retarded
migration by more than 80% (Fig 3) (P < 0.01). The
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Figure |

SiRNA-mediated RNAii effects in A549 and SPC-AI cells. (A) dsSRNA-mediated inhibition of EGFR gene expression in A549

cells (upper) and SPC-AI cells (lower). Fluorescence images taken 48 h after transfection were shown. (a) Cells were stained
with FITC-conjugated secondary antibody. (b) Cells were stained with an EGFR-specific antibody and secondary antibody. (c)
FITC staining of cells transfected with unrelated dsRNA. (d) FITC staining of cells transfected with dsSRNA-EGFR. (B) EGFR
gene expression was quantified in both control and transfected cells by a flow cytometry with excitation and emission settings
of 488 nm and 530 nm respectively. Cells were transfected for 48 h, then stained with an EGFR-specific antibody. Results were
expressed as the percentage of fluorescent intensity relative to controls. Each column represented the mean of three repli-
cated experiments. (C) EGFR gene level was quantified by real-time PCR. Expression of EGFR mRNA was analyzed using a
semiquantitative real-time PCR assay. The relative gene levels were calculated in relation to the expression of the housekeep-
ing GAPDH gene.
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plates at a density of | x 105 per well. Forty-eight hours after transfection, cell numbers were determined using a hemocytom-
eter. For colony forming assay, cells transfected with siRNA,

Page 6 of 12

(page number not for citation purposes)



Genetic Vaccines and Therapy 2005, 3:5

350

300

250

200

150

100

50

Number of invading cells

Number of invading cells

Figure 3

http://www.gvt-journal.com/content/3/1/5

O24h
i T
. T
.
T T
control lipofect—amine dsRNA- dsRNA-EGFR
unrelated
500 7
O24h
l 48h
400
300 -
200
100
0
control lipofect—amine dsRNA-unrelated dsRNA-EGFR
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(white) and 48 h (black) after the introduction of a scratch in monolayer transfected cells grown on collagen IV. Each column
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results showed that dsRNA-EGFR transfected cells had
almost lost the ability to migrate, thus suggesting that
siRNA had the potential to reduce the invasiveness of
NSCLC, thus blocking migration and metastasis of
NSCLC tumours.

dsRNA sensitized NSCLC cell to chemo-therapeutic agent

cisplatin

To test what effect RNAi would have on the sensitivity of
NSCLC cells to a chemotherapeutic agent, we designed an
experiment to examine the changes of sensitivity to cispl-
atin before and after transfection with dsRNA. Cisplatin is
a commonly used chemical agent clinically. The experi-
ment was performed by examining cells' viability using a
MTT assay. As shown in Fig. 4, we demonstrated that cells
transfected with dsRNA-EGFR were more sensitive to cis-
platin than various control groups. More importantly, this
sensitizating effect was dose-dependent, showing a signif-
icant correlation of growth inhibition with doses of cispl-
atin used. When the data was further analyzed based on
the value of IC,, using Origin 6.0 software, we demon-
strated that transfection of dsRNA-EGFR increased the
sensitivity of A549 and SPC-A1 to cisplatin by four- and
seven-fold respectively.

DsRNA specific for EGFR inhibited tumor growth in vivo
Clearly, it would be more relevant to the development of
a therapeutic protocol if we could prove that transfection
of siRNA could cause growth inhibition in vivo. In this
experiment, we investigated the possibility using a mouse
model of human tumor xenograft. Human SPC-A1 cells
were selected for the in vivo experiment because its subcu-
taneous xenografts formed quicker than A549 (Zhang et
al., unpublished data). Approximately 1 x 10¢ of SPC-A1
cells were transfected with dsRNA specific for EGFR or var-
ious controls, and then injected into the left flank area of
the mice. Tumor growth was monitored and xenografts
were allowed to grow to a size of approximately 10 mm x
10 mm. After mice were sacrificed, tumors were removed
and weighed. As shown in Fig. 5, the time when tumors
were first visible in control groups was 6-8 days earlier
than that in dsRNA-EGFR transfected group. Tumors in
mock control group, transfection reagent control and
unrelated dsRNA transfected control groups were of a sim-
ilar size, all of which had a much larger solid tumor and
reddish appearance, whereas those from dsRNA-EGFR
transfected group remained small and pale. When mice
were sacrificed and the size of the tumors compared,
tumors from the dsRNA-EGFR transfected group showed
significant smaller size of 75.06 % and weight of 73.08%
(P < 0.01), demonstrating an in vivo growth inhibitory
effect.
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Development of a uniqe lentiviral vector system encoding
dsRNA

No doubt, the in vivo use of dsRNA for gene transfer to
tumor cells would be limited because dsRNA would be
quickly degraded once delivered in vivo. In addition, the
efficiency of dsRNA-mediated gene transfer into tissues in
vivo would be very low and thus very limited. To improve
gene delivery to a variety of cancer cells in vivo, we devel-
oped a new bovine lentiviral vector (Jembrana Disease
Virus, JDV)-mediated delivery of RNAi approach. The JDV
vector system was recently developed in our laboratory
and has shown efficient gene delivery to a variety of cell
types both in dividing and non- dividing cycles [24,25].

Based on the JDV backbone, two 56 bp DNA fragments
that contain 19 bp of the EGFP in sense and anti-sense ori-
entation with a hairpin liker were synthesized, annealled
into double strands and cloned in a cassettes down stream
of a polymerase-IIl H1- RNA promoter (PIII). This pro-
moter directs transcription of the dsDNA into dsRNA with
well-defined start site with a termination signal consisting
of five thymidines in a row. Most importantly, the cleav-
age of the dsRNA transcript at the termination site is after
the second uridine, yielding a transcript resembling the
end of synthetic dsRNA.

The new JDV vector encoding the dsRNA specific for EGFR
is named pjLPIIIRE. Introduction of pjLPIIIRE together
with the packaging construct, pjPack and the envelop con-
struct, pCMV-VSVG into the 293T cells produced VSV-G
pseudotyped JDV vectors. The vector harvests were further
concentrated and titrated as we previously reported
[24,25]. These vectors were used to transducer A549 and
SPC-A1 cells. At a multiplicity of infection (MOI) of 10
and 72 hours after transduction, RNAi-mediated gene
silencing of EGFR was apparent. About 75% of A549 and
80% of SPC-A1 cells became EGFR negative, demonstrat-
ing an effective RNAi-mediated silencing of the EGFR
gene. Control constructs of JDV vectors encoding a dsRNA
specific for the enhanced green fluorescent protein
(EGFP) did not show a significant inhibitory effect at a
higher concentration of the vector (MOI of 15). However,
in cells that were previously transduced with EGFP marker
gene and expressing the EGFP protein in approximately
100% of the cells, about 75% of A549 and 80% of SPC-A1
cells became EGFR negative, a results similar to EGFR
silencing. These results suggested lentivector-mediated
RNAI effects were efficient and specific and would be a
useful tool for in vivo gene delivery for the therapy.

Discussion

Increased EGFR expression is common in various cancers.
This has correlated with neoplastic progression of these
cancers. Blockade of this oncogenic EGFR signaling path-
way may represent a promising strategy for the
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Figure 4

Effect of dSSRNA-EGFR on chemosensitivity of NSCLC cells to cisplatin. Cells were transfected with siRNA, then exposed to
various doses of cisplatin for 48 h and viability was accessed. The percentage of cell growth was calculated by comparison of
the A,go reading from treated versus control cells. The ICy, value of A549 (upper) cells to cisplatin in control group, transfec-
tion reagent control, unrelated dsRNA group and dsRNA-EGFR group was 2.67 pug/ml, 2.30 pug/ml, 2.19 pg/ml and 0.50 pg/ml
respectively. The IC;, value of SPC-Al cells to cisplatin (lower) was 3.67 pug/ml, 3.11 pg/ml, 3.07 pug/ml and 0.43 pg/ml
respectively.
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Figure 5

Inhibition of tumor growth in vivo by dsRNA specific for EGFR. Transfected SPC-Al cells (~1 x 106) were injected into the left
flank area of the mice and tumor xenografts were allowed to grow to a size of approximately 10 mm % 10 mm. After mice
were sacrificed, tumors were removed and weighed. (A) Tumor volumes measured by calipers every 2 days. (B) Tumor weight.
Each column represented the mean of six mice, bars, SD.
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development of selective anticancer approaches. How-
ever, although considerable progress has been made in
the development of EGFR-targeted antibodies or small
molecule tyrosine kinase inhibitors, data from the current
clinical trials showed that there were some shortcomings
with these approaches, namely ineffective in some cases
and emergence of resistance in others [14]. In an effort to
develop new strategies to block the over expression of
EGFR in NSCLC cells, we examined the potential of a
dsRNA-mediated specific RNAi approach for silencing the
EGFR in NSCLC cell lines in vitro and in vivo. We demon-
strated a significant inhibition of EGFR gene expression in
both A549 and SPC-A1 cells. RNAi dramatically reduced
the EGFR transcription and down regulated protein pro-
duction. This, in turn, translated into a range of growth
inhibitory effects on the tumor cells in vitro and in vivo,
including a significant tumor growth delay and impair-
ment in xenograft animal models. Our results are the first
that show a significant silencing of an endogenous cellu-
lar gene and growth inhibition in vivo.

Current data supports the notion that in mammalian
cells, RNAI is superior to antisense approaches for down
regulation of gene expression though antisense had been
widely used [26]. Furthermore, dsRNA was more sensi-
tive, specific and stable than antisense RNA or DNA partly
due to its dTdT 3'-overhangs on each strand [27]. We
selected the 21-nt sense and antisense ssRNAs targeting
against EGFR from the coding regions and added dTdT 3'-
overhangs on each strand to increase siRNA stability. Our
current results were in agreement with reported data that
capped dsRNA was active and stable [28]. The RNAi effects
that we achieved more than doubled the effects of anti-
sense that was normally around 30% of down regulation
of gene expression (unpublished data).

It had been suggested that the degree to which the expres-
sion of a given protein to be inhibited through RNAi
depended on the half-life and its synthesis rate of that pro-
tein. Due to its much faster turnover, EGFR was consid-
ered to be more difficult to knock down using RNAi. This
was because even if the existing ready-made protein was
blocked, previously synthesized molecules persisted in
the plasma membrane for a relatively long time [29]. Nev-
ertheless the fact that we successfully inhibited the
expression of EGFR as well as the function of EGFR in
NSCLC cells provided convincing evidence that RNAi is a
very potent technique. To our knowledge, these results
represent the first demonstration that chemically syn-
thetic 21-nt siRNA was readily delivered into NSCLC cell
lines and effectively suppressed the oncogenic gene
expression and function.

Experimental and clinical data had indicated that EGFR
over expression correlated with various critical processes

http://www.gvt-journal.com/content/3/1/5

in the development, maintenance, and spread of malig-
nant tumors.[30] The reduction of EGFR may lead to a
failure in downstream signal cascades including PI3-K,
RAS-RAF-MAPK P44/P42, and protein kinase C pathway,
and subsequently block the routes to activation of more
direct modulators of mitogenesis and other cancer-pro-
moting phenotypes [13]. Initially, due to the general
belief that RNAi only induces a gene knock down, rather
than a complete knock out, we were not quite sure what
functional outcome could be achieved by knocking down
EGFR, if any. Our results were most surprising and signif-
icant in that even though EGFR transcription was only
reduced by about 50% and protein production by 70%,
which means that the transfected cells would still express
more than 20% of receptors, these cells displayed,
however, dramatic growth inhibition in the number of
cell count, and colony formation and significantly
retarded cell growth. These results convincingly suggested
that even an incomplete suppression of EGFR expression
was sufficient to hinder growth factor-mediated signaling.
This was consistent with the hypothesis that the activation
of the tyrosine phosphorylation response might be com-
pletely switched off if the number of EGFR dropped below
a given threshold [31]. This notion is extremely important
for the development of a RNAi-mediated therapy of
NSCLC because a complete gene inactivation in these
cells, which is difficult to achieve is no longer needed sug-
gesting RNAi based gene silencing may be developed into
a therapy that could blunt the invasiveness of cancer cells,
even stop metastasis.

Up till now, the effects of EGFR on chemo-sensitivity were
less clear and were suggested that it might be depending
on particular tumor cell lines or cell types or particular
drugs used for the experiment. However, a growing
number of reports had supported the idea that activation
of the EGFR signal transduction pathway might induce
chemo-resistance in NSCLC cells [32]. This might provide
arationale to down regulate EGFR, thus improving chem-
osensitivity. One of the commonly used drugs was cispla-
tin, a DNA-damaging anticancer agent. It has been
demonstrated that cisplatin modified DNA repair activity
in a variety of different experimental systems [33]. Our
study found that the reduction of EGFR resulted in
enhanced chemo-sensitivity to cisplatin by four-fold in
A549 cells and by seven-fold in SPC-A1 cells. In previous
studies using different receptor inhibitors, the degree of
EGFR-induced enhancement of sensitivity to cisplatin was
only in the range of 2- to 4- fold. Our seven-fold enhance-
ment in SPC-A1 cells suggested that RNAi caused better
suppression of the EGFR and increased significantly more
chemo-sensitivities than the previous approaches. This
would represent a clinical significance if translated into
clinical setting because cisplatin resistance could be
potentially overcome by this approach [34]. The chemo-
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sensitization of NSCLC cells with dsRNA-EGFR indicated
that dsRNA-EGFR is a more fascinating candidate for fur-
ther development into a better therapy. Clearly, for the
development of such a therapeutic strategy for clinical
use, a suitable vector system is necessary. We have showed
the new lentiviral vector system was capable of delivery
dsRNA and caused a significant silencing effect. Our
development of the bovine lentiviral vector system for the
delivery of dsRNA would benefit the use of the technology
in vivo for NSCLC. Hopefully in the near future, strategies
based on RNAi will be ready for preclinical or clinical
trials.
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