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The silencing of specific oncogenes via RNA interference 
(RNAi) holds great promise for the future of cancer therapy. 
RNAi is commonly carried out using small interfering RNA 
(siRNA) composed of a 19 bp duplex region with a 2-
nucleotide overhang at each 3’ end. This classical siRNA 
structure, however, can trigger non-specific effects, which 
has hampered the development of specific and safe RNAi 
therapeutics. Previously, we developed a novel siRNA 
structure, called asymmetric shorter-duplex siRNA (asiRNA), 
which did not cause the non-specific effects triggered by 
conventional siRNA, such as off-target gene silencing me-
diated by the sense strand. In this study, we first screened 
potent asiRNA molecules targeting the human c-MET gene, 
a promising anticancer target. Next, the activity of a se-
lected asiRNA was further optimized by introducing a 
locked nucleic acid (LNA) to maximize the gene silencing 
potency. The optimized asiRNA targeted to c-MET may 
have potential as a specific and safe anticancer RNAi 
therapeutic. 
 
 
INTRODUCTION 
 
RNA interference (RNAi) is an evolutionarily conserved cellular 
process mediated by double-stranded RNA (dsRNA) and inhib-
its the expression of a target gene in a sequence-specific man-
ner (Hannon, 2002). The RNAi pathway can be used by syn-
thetic small interfering RNA (siRNA) to effectively and specifi-
cally knock-down target mRNA levels in mammalian cells 
(Elbashir et al., 2001a). A number of siRNA candidates has 
been developed and tested in clinical trials as therapies for 
various diseases including cancer (Davidson and McCray, 2011).  

The standard siRNA structure consists of a 19 base pair du-
plex region with a 2-nucleotide overhang at each 3′ end, which 
was identified as the most efficient structure for gene silencing 
in early studies (Elbashir et al., 2001a; 2001b). More recent stu-
dies have determined that this siRNA structure triggers several 
non-specific effects, such as off-target gene silencing, satura-
tion of RNAi machinery, and immunostimulation (Chang et al., 
2011; Jackson and Linsley, 2010; Yoo et al., 2006). These non-

specific effects triggered by the siRNA structure remain as hur-
dles to developing safe and effective RNAi therapeutics.  

In our previous study, we developed a novel RNA structure 
that triggers RNAi, called asymmetric shorter duplex siRNA 
(asiRNA) (Chang et al., 2009). Compared with conventional 
siRNA, asiRNA has a shorter duplex region (15-16 bp) and is 
blunt at the 5′-end of the antisense strand. Importantly, the 
asiRNA structure triggered significantly fewer nonspecific ef-
fects (e.g., off-target gene silencing mediated by the sense-
strand and saturation of the cellular RNAi machinery) than the 
conventional siRNA structure, suggesting that asiRNA could be 
a novel RNAi therapeutic with fewer side effects.  

c-MET is a receptor tyrosine kinase (RTK) originally identified 
as an activated oncogene product in a human osteogenic sar-
coma (HOS) cell line treated with the chemical carcinogen, N-
methyl-N′-nitro-N-nitrosoguanidine (Cooper et al., 1984). Stimu-
lation of c-MET signaling via hepatocyte growth factor/scatter 
factor (HGF) evokes diverse cellular responses, including sur-
vival, proliferation, angiogenesis, motility, and invasion (Ma et 
al., 2003). Since impaired regulation of HGF/c-Met signaling 
has been implicated as a factor in tumorigenesis and tumor 
progression, c-Met has been regarded as a potential target for 
cancer therapy (Christensen et al., 2005).  

In the present study we aimed to develop RNAi-based anti-
cancer therapeutics by screening and optimizing asiRNA tar-
geted against human c-MET. After screening 30 asiRNA mole-
cules targeted to different regions of the c-MET mRNA, the 
most potent asiRNA was selected. This asiRNA showed com-
parable gene silencing activity to a conventional siRNA, with 
less sense strand mediated off-target effects, consistent with 
the findings of our previous study. Here, we also demonstrate 
that the asiRNA structure can be further optimized through 
locked nucleic acid (LNA) modification of the sense strand.  
 
MATERIALS AND METHODS 

 

siRNA  
Chemically synthesized RNA purchased from Bioneer (Korea) 
was used and annealed according to the manufacturer’s proto-
col. LNA-modified RNA oligo was purchased from Exiqon (Den- 
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mark). RNA sequences siMET286 were:  
siMET286 antisense: 5′-CAUAUUCACAUUCAUCUCGGA-3′  
siMET286 sense: 5′-CGAGAUGAAUGUGAAUAUGAA-3′ 

 
Cell culture and siRNA transfection  
HeLa and HepG2 cells were grown and maintained in DMEM 
(Gibco, USA) with 10% fetal bovine serum, 100 U/ml penicillin 
and 100 μg/ml streptomycin. Cells were plated in 12-well plates 
24 h before transfection at 30-50% confluency in complete 
medium without antibiotics. Transfection experiments were 
performed using Lipofectamine 2000 (Invitrogen, USA), G-
fectin (Genolution, Korea), or Dharmafect 1 (Dharmacon, USA) 
at the indicated concentrations following the manufacturers’ 
protocols. 
 
Quantitative RT-PCR  
A tri-reagent kit (Ambion, USA) was used to extract total RNA 
according to the manufacturer’s protocol. The cDNA was pro-
duced from 500 ng of total RNA using a high-capacity cDNA 
reverse transcription kit (Applied Biosystems, USA) following 
the manufacturer’s protocol. Diluted cDNA was analyzed by 
quantitative real-time reverse transcription-polymerase chain 
reaction (RT-PCR) using the StepOne™ Real-Time PCR Sys-
tem (Applied Biosystems, USA). Gene-specific primers were 
mixed with SYBR® Premix Ex Taq™ (Takara, Japan). The c-
MET and GAPDH (internal control) mRNA levels were deter-
mined using the relative standard curve quantitation method. 
Data from a standard dilution series of the control sample were 
used to generate the standard curve. 
The primer sequences used were:  

c-MET-forward: 5′-TGGTGCAGAGGAGCAATGG-3′ 
c-MET-reverse: 5′-CATTCTGGATGGGTGTTTCC-3′ 
GAPDH-forward: 5′-GAGTCAACGGATTTGGTCGT-3′ 
GAPDH-reverse: 5′-GACAAGCTTCCCGTTCTCAG-3′ 

 
Luciferase reporter assay  
DNA oligonucleotides corresponding to the sense and an-
tisense strands of siMET286 were cloned into the SpeI and 
HindIII sites of the pMIR-REPORT Luciferase vector (Ambion, 
USA). DNA oligonucleotide sequences are shown below. 

c-MET sense target:  
5′-CTAGCATATTCACATTCATCTCG-3′ 
3′-GTATAAGTGTAAGTAGAGTCGA-5′ 

c-MET antisense target: 
5′-AGCTCATATTCACATTCATCTCG-3′ 
3′-GTATAAGTGTAAGTAGAGCGATC-5′ 

 
A luciferase assay was performed as previously described 
(Chang et al., 2009). 
 
Western blot analysis 
Forty-eight hours after siRNA transfection, total proteins were 
extracted using RIPA buffer and protease inhibitors. The pro-
tein concentration was measured using a BCL protein assay kit 
(Pierce, USA). Equal amounts of protein were resolved via 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 
Tris-glycine running buffer and transferred to a nitrocellulose 
membrane. The membrane was blocked for 1 h in Tris buffered 
saline buffer containing 5% skim milk powder. After overnight 
incubation at 4°C with a rabbit polyclonal antibody to c-MET 
(Santa Cruz, USA), the membrane was washed in Tris-buffered 
saline containing 1% Tween-20. After incubation with secon-
dary goat anti-rabbit antibody for 1 h, the membrane was incu-
bated with an enhanced chemiluminescence detection system 
(Amersham, UK) and exposed to X-ray film. 

Cell growth assay  
The growth of control and siRNA-transfected samples was 
measured by counting the number of cells. Cells (2 × 10⁴) were 
plated into each well of a 24-well plate, and siRNA was trans-
fected with Lipofectamine 2000 or G-fectin following the manu-
facturers’ protocol. Two, three, four, and five days after trans-
fection, cells were trypsinized, diluted in the proper amount of 
medium, and then counted using a hemacytometer. The total 
cell number was calculated based on the dilution factor.  
 
DNA microarray  
DNA microarray experiments and analyses were performed as 
described previously (Hong et al., 2009). Total RNA was ex-
tracted using TRI Reagent® (Ambion, USA) and an RNeasy® 
mini kit (Qiagen, Germany), and 15 μg of total RNA was used 
to synthesize each double-stranded cDNA (dscDNA) with a 
commercial kit (Invitrogen). Reactions were stopped with EDTA 
and treated with RNase A. Samples were ethanol-precipitated 
and rehydrated to 250 ng/μl. One microgram of dscDNA was 
used for labeling with the Klenow fragment (NEB, USA) using a 
Cy3-labeled random 9mer (TriLink Biotechnologies, USA), and 
labeled samples were precipitated using isopropanol. Four 
micrograms of Cy3-labeled DNA (containing a sample tracking 
control and an alignment oligo) were hybridized to a Nim-
bleGen 385K four-plex human microarray for 18 h at 42°C us-
ing the NimbleGen Hybridization System (NimbleGen, USA). 
Arrays were washed, and images were obtained using an In-
noScan900 (Innopsys, France) and imported into NimbleScan 
software (NimbleGen, USA). Expression data was normalized 
through quantile normalization and the Robust Multichip Aver-
age (RMA) algorithm. For the Sylamer analysis (van Dongen et 
al., 2008), the 3′-UTR sequence of each human gene was 
retrieved from the UCSC Table Browser (Karolchik et al., 2004). 
The sorted gene list file and 3′-UTR sequence file were loaded 
into the Sylamer program, and the significantly over or under-
represented k-mer sequence was computed using the Sylamer 
algorithm based on hypergeometric statistics under the default 
option, except for specified k-mer sequences to be tested. 
 
RESULTS AND DISCUSSION 

 
Selection of a potent asiRNA sequence targeting human  
c-MET  
In this study, we aimed to develop a candidate anticancer 
therapeutic using RNAi targeting the human c-MET oncogene. 
We used the asiRNA structure (Chang et al., 2009) to minimize 
the non-specific effects triggered by conventional siRNA. First, 
we randomly selected 30 target sequences spanning the length 
of the c-MET mRNA and designed a conventional siRNA and a 
corresponding asiRNA for each sequence (Supplementary 
Fig. S1). Side-by-side comparisons of gene silencing activity 
showed that the asiRNA was generally as efficient as the cor-
responding conventional siRNA at 10 nM (Fig. 1A). Out of the 
30 asiRNA mole-cules, asiMET286 was the most potent c-MET 
gene silencer, as was the corresponding siRNA (Figs. 1A and 
1B). Western blot analysis verified the reduction in c-MET pro-
tein upon asi-MET286 treatment in HeLa cells (Fig. 1C). There-
fore, we used asiMET286 as an asiRNA therapeutic candidate 
targeting c-MET in further analyses. 
 
Reduced off-target silencing by asiMET286 
Several studies have demonstrated that the conventional 
siRNA structure can induce several non-specific effects, includ-
ing off-target gene silencing (Chang et al., 2009; Sano et al., 
2008; Sun et al., 2008). One cause of off-target gene silencing 
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Fig. 1. Gene silencing activity of asiRNA targeting c-MET. (A) Reduced c-MET mRNA level induced by siRNA in HeLa cells. siRNA was trans-

fected into HeLa cells for 24 h and c-MET mRNA levels were analyzed by quantitative real-time reverse transcription-PCR (qRT-PCR). The 

values plotted as “MET mRNA level” on the y-axis are normalized to GAPDH (control) mRNA level. ‘19+2’ and ‘asi’ denote the conventional 

siRNA structure and asiRNA structure, respectively, and the control is a sham transfection. All data in the graph are mean ± SD values of three 

independent experiments. (B) siMET286 and asiMET286 sequences. ‘SS’ and ‘AS’ denote the sense strand and antisense strand, respec-

tively. (C) Expression of cMET protein after siMET286 or asiMET286 treatment. HeLa cells were transfected with siMET286 or asiMET286. 

Cell lysates were extracted and the extracts were resolved by 8% SDS-PAGE 48 h after transfection. c-MET antibody was used to detect c-

MET protein. The asterisk denotes a non-specific band used as an internal control. 
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regulated genes) was generated and loaded into Sylamer software. Sylamer software was used to compute the enrichment of 3’ UTRS 

targeted by the ‘seed sequence’ (TCATCTC) or ‘non-seed sequence’ (TATTCAC) of the sense strand. The solid and dotted lines represent 

siMET286 and asiMET286, respectively. The x-axes represent the sorted gene lists from most down-regulated (left) to most up-regulated 

(right). The y-axes show the hypergeometric significance of each word at each leading bin. Positive values indicate enrichment [-log10(P-

value)] and negative values indicate depletion [log10(P-value)]. 

 

Fig. 2. Reduced off-target silencing

by asiMET286. (A) Reduced off-

target effects of asiMET286. A lucife-

rase reporter plasmid containing the

antisense or sense target sequence

was transfected into HeLa cells with

or without siMET286 or asiMET286.

Luciferase activity was measured 48

h after transfection. The mean values

+ SD of three independent experi-

ments are shown. (B, C) Validation of

the reduced off-target effects of asi-

MET286 through DNA microarray

analysis. (B) MA scatter plots illu-

strating genome-wide expression

patterns. “M” denotes the log2-trans-

formed expression ratios (siMET286-

or asiMET286-treated versus control)

and “A” denotes the average of the

log2-transformed expression level.

(C) Sylamer analysis for visualizing

off-target effects. From the DNA mi-

croarray data, a gene list ranked

according to fold change (from most

down-regulated genes to most up-
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down of the target mRNA was analyzed by qRT-PCR. The mean + SD of three independent experiments is shown. 
 
 
is the incorporation of the sense strand of siRNA into RNA-
Induced Silencing Complex (RISC), which results in silencing of 
non-target genes (Clark et al., 2008). We previously showed 
that the asiRNA structure, which has a shorter sense strand 
than conventional siRNA, dramatically reduced the silencing of 
off-target genes mediated by the sense strand (Chang et al., 
2009).  

To determine whether asiMET286 also reduces off-target si-
lencing mediated by the sense strand, a luciferase reporter 
assay was performed with the pMIR vector containing the 
sense or antisense sequence of siMET286. siMET286 exhib-
ited strong silencing activity toward the antisense target and 
relatively high activity toward the sense target (Fig. 2A). In con-
trast, asiMET286 showed strong activity toward the antisense 
target, but significantly less activity toward the sense target (Fig. 
2A).  

We performed a DNA microarray experiment to verify the re-
duced silencing of off-target sequences by asiMET268 at the 
genome level. The changes in gene expression induced by 
siMET286 or asiMET286 transfection are shown in an M-A plot 
(Fig. 2B). asiMET286 perturbed global gene expression less 
than siMET286, while both siMET286 and asiMET286 effec-
tively knocked-down c-MET mRNA.  

To address more specific off-target effects mediated by the 
sense strand, we used the Sylamer algorithm to assess over- 
and under-representation of nucleotide words (sequence mo-
tifs) in ranked gene lists. From the DNA microarray data, gene 
lists ranked according to fold change (from the most down-
regulated genes to the most up-regulated genes) upon si-
MET286 or asiMET286 transfection were generated and loaded 
into the Sylamer software. The enrichment of sequences with 3′ 
UTRs was computed through hypergeometric statistics using 
the Sylamer algorithm by targeting the seed sequence of the 
sense strand (TCATCTC). As a control, we performed the 
same analysis using the non-seed sequence (TATTCAC). As 
shown in Fig. 2C, the Sylamer analysis of gene lists from the 
siMET286 array revealed that genes with the siMET286 seed 
sequence in the 3′UTR were down-regulated. However, the 
gene lists from the asiMET286 array data did not show specific 
region enriched pattern which means that transfection of 
asiMET286 did not affect expression of genes with the seed 
sequence in the 3′UTR. This result corroborates our theory that 
the asiRNA has fewer off-target effects mediated by the sense 
strand. In contrast, the non-seed sequence Sylamer analysis of 
both siMET286 and asiMET286 array data is not expected to 
show specific region enriched pattern and we observed com-
mon, even distribution patterns for both siMET286 and asi-
MET286 when the non-seed sequence was used for analysis. 

Anti-cancer activity of asiMET286 
Next, we evaluated the ability of asiMET286 to inhibit cancer 
cell growth. siMET286 or asiMET286 (10 nM) was transfected 
into HeLa cells using G-fectin, and the number of viable cells 
was counted two, three, and four days after transfection. While 
siMET286 and asiMET286 effectively and similarly reduced 
both mRNA and protein expression (Figs. 1A and 1C), asi-
MET286 showed less inhibition of cancer cell growth than 
siMET286 at all time points (Fig. 3A and Supplementary Fig. 
S2).  

One explanation for the decreased inhibition of cell growth by 
asiMET286 is that the IC50 value of asiMET286 (~90 pM) is 
higher than that of siMET286 (~28 pM), resulting in a reduced 
long-term gene silencing activity. Indeed, asiMET286 was less 
efficient at gene silencing than siMET286 at low concentrations 
(Fig. 3B). Thus, while the gene silencing activity of asiMET286 
is comparable to that of siMET286 up to 1 nM, asiMET286 has 
reduced activity at lower concentrations, which results in re-
duced anti-cancer activity.  

Off-target effects caused by siRNA transfection can induce 
toxic phenotypes, such as cell death (Fedorov et al., 2006). 
siRNA containing the UGGC sequence motif tends to evoke 
toxic phenotypes. AU-rich pentamers (AUUUG, GUUUU, 
AUUUU, CUUUU, UUUUU, and GUUUG) have also been 
suggested as toxic motifs. The siRNA sequences used in our 
study did not contain toxic sequence motifs. In addition, DNA 
microarray data showed no significant change in the expression 
of cell death- or cell cycle-related genes (Supplementary Fig. 
S3). Therefore, we can conclude that cell growth inhibition by 
siMET or asiMET is the result of RNA interference. 
 
Locked-nucleic acid (LNA) modification enhances the  
gene silencing and anti-proliferative activity of asiMET286  
We hypothesized that asiMET286 might have reduced gene 
silencing activity at low concentrations because of the relatively 
low thermal stability of the asiRNA duplex, since the duplex 
length is 16 bp instead of 19 bp. We used LNA modification of 
the sense strand of asiMET286 to enhance the molecule’s 
thermostability. The ribose moiety of LNA is modified with an 
extra methylene linkage between the 2′-oxygen and the 4′-
carbon of the ribose ring. This linkage provides high affinity 
hybridization to complementary bases (Kaur et al., 2006; Vester 
and Wengel, 2004). As a result, LNA modification significantly 
increases the melting temperature (Tm) of the duplex.  

We subjected three adenines on the sense strand of 
asiMET286 to LNA modification (Fig. 4A) and determined whe-
ther this modification increased the gene silencing activity. As 
predicted, the LNA-modified asiRNA (LNA-asiMET286) had 

Fig. 3. Reduced asiRNA efficiency at

low concentration. (A) Cell growth

after siMET286 or asiMET286 trans-

fection. HeLa cells were treated with

each siRNA and live cells were coun-

ted at each time point (2, 3, 4 days

after siRNA transfection). The control

was treated with transfection reagent.

Graphs represent the mean + SD of

three independent experiments. (B)

The IC50 curve of siMET286 and

asiMET286. HeLa cells were treated

with 0.03, 0.1, 0.3, 1, 3 and 10 nM of

siRNA (final concentration), and knock-
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enhanced gene silencing activity compared with unmodified 
asiRNA (Fig. 4B). LNA-asiMET286 had a gene silencing effi-
ciency nearly similar to that of siMET286 at all tested concen-
trations. Consistent with the improved gene silencing activity, 
LNA-asiMET286 showed increased inhibition of cancer cell 
growth, which was similar to that of siMET286 (Fig. 4C). Long-
term gene silencing was also enhanced by LNA modification 
and was comparable to that by siMET286 (Supplementary Fig. 
S2). We also confirmed that LNA modification did not produce 
off-target effects (Supplementary Fig. S4). These results indi-
cate that LNA modification improves the gene silencing activity 
of the asiRNA structure, most likely by increasing the thermo-
stability of the asiRNA duplex.  

In this study, we optimized the asiRNA structure using a 
chemical modification. After screening different asiRNA mole-
cules that target c-Met, we found a potent asiRNA, asiMET286, 
with an IC50 value of ~90 pM. Both a luciferase reporter assay 
and a DNA microarray verified that the asiRNA structure re-
duced off-target effects. In addition, we chemically modified the 
asiRNA structure. LNA-modified asiMET286 showed enhanced 
gene silencing activity, as well as anti-proliferative activity. 

An advantage of specific and potent gene targeting makes 
RNAi one of the most promising disease treatment platforms. 
However, accumulating evidence has identified drawbacks of 
this technology, including off-target effects mediated by the 
sense strand and stimulation of the innate immune response. 
Recently, a phase 3 clinical trial of a first-in-class siRNA drug 
targeting vascular endothelial growth factor (VEGF) was termi-
nated because the siRNA stimulated the sequence non-specific 
toll-like receptor 3 (TLR3) (Kleinman et al., 2008). Many groups 
have tested chemical or structural modifications to overcome 
the current hurdles of siRNA technology (Chu and Rana, 2008; 
Gaglione and Messere, 2010; Grimm, 2009; Sano et al., 2008; 
Sun et al., 2008). asiRNA, developed by our group, is one 
structural variation with reduced side effects (Chang et al., 
2009). We expected a synergistic effect in terms of efficacy 
based on our inclusion of an additional chemical modification to 
our structure to stabilize the asiRNA duplex. The resulting data 
suggested remarkably increased RNAi activity. We believe that 
chemically modified asiRNA molecules are potent candidates 
for RNAi cancer therapeutics. In addition, our results suggest 
that substantial improvement in RNAi technology is possible by 
manipulating existing RNAi structures. We are currently at-

tempting to develop a next-generation RNAi platform by chemi-
cally and structurally modifying siRNA. 
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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