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Abstract

Small interfering RNAs (siRNAs) have become the most powerful and widely used gene silencing reagents for reverse functional
genomics and molecular therapeutics. The key challenge for achieving effective gene silencing in particular for the purpose of the ther-
apeutics is primarily dependent on the effectiveness and specificity of the RNAi targeting sequence. However, only a limited number of
siRNAs is capable of inducing highly effective and sequence-specific gene silencing by RNA interference (RNAi) mechanism. In addition,
the efficacy of siRNA-induced gene silencing can only be experimentally measured based on inhibition of the target gene expression.
Therefore, it is important to establish a fully robust and comparative validating system for determining the efficacy of designed siRNAs.
In this study, we have developed a reliable and quantitative reporter-based siRNA validation system that consists of a short synthetic
DNA fragment containing an RNAi targeting sequence of interest and two expression vectors for targeting reporter and triggering siR-
NA expression. The efficacy of the siRNAs is measured by their abilities to inhibit expression of the targeting reporter gene with easily
quantified readouts including enhanced green fluorescence protein (EGFP) and firefly luciferase. Using fully analyzed siRNAs against
human hepatitis B virus (HBV) surface antigen (HBsAg) and tumor suppressor protein p53, we have demonstrated that this system could
effectively and faithfully report the efficacy of the corresponding siRNAs. In addition, we have further applied this system for screening
and identification of the highly effective siRNAs that could specifically inhibit expression of mouse matrix metalloproteinase-7 (MMP-7),
Epstein–Barr virus (EBV) latent membrane protein 1 (LMP1), and human serine/threonine kinase AKT1. Since only a readily available
short synthetic DNA fragment is needed for constructing this novel reporter-based siRNA validation system, this system not only pro-
vides a powerful strategy for screening highly effective siRNAs but also implicates in the use of RNAi for studying novel gene function in
mammals.
� 2006 Elsevier Inc. All rights reserved.
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RNA interference (RNAi) is an evolutionarily con-
served mechanism of post-transcriptional gene silencing
induced by double-stranded (dsRNA) [1,2]. Primarily, it
is involved in the response to exogenous pathogenic and
endogenous parasitic nucleic acids [3,4], as well as in the
basic cellular functions, such as gene regulation and hetero-
chromatin formation [5–7]. Currently, RNAi has been
0006-291X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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widely used not only as an extremely powerful approach
for reverse functional genomics [8–11], but also as an effec-
tively potent strategy for gene silencing-based therapeutics
[12,13]. As compared with other gene silencing reagents,
such as antisense oligonucleotides (ODNs), ribozymes,
and DNAzymes, siRNAs have apparently become the most
powerful and widely used gene silencing reagents for
manipulating gene activity in mammalian systems [14].
There are mainly two approaches in generating active siR-
NAs in mammalian cells by exogenous delivery of synthetic
siRNAs [15,16] or short hairpin RNAs (shRNAs) [17], and
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endogenous vector-expressed dsRNAs including shRNAs
[18–21] or siRNAs formed by annealing two complementa-
ry sense and antisense RNAs [22–24].

Tremendous experimental evidence has already shown
that not all of the RNAi targeting sequences selected from
a specific gene exhibit the same effectiveness on inhibiting
gene expression. Only a limited number of siRNAs is capa-
ble of inducing highly effective target gene silencing in a
sequence-specific manner [25]. Moreover, the efficacy of
siRNAs is dependent on the specificity of the target
sequences within a gene and can only be determined exper-
imentally based on the inhibition of the target gene expres-
sion. In order to obtain effective siRNAs, it is necessary to
design, synthesize, and screen many distinct siRNAs, which
are expensive due to the cost of chemical synthesis of RNA
oligonucleotides. Although several recent studies have sug-
gested that the secondary structures of mRNA and mRNA
binding proteins might interfere with the target site accessi-
bility for RNA-induced silencing complex (RISC), com-
pletely dependent on utilizing the rational design strategy
for selecting effective siRNAs is not fully programmable
[26–29]. In addition, extensively systematic analyses of
the siRNA-specific features revealed that siRNA might
have sequence specific characteristics associated with its
functionality, such as low to medium G/C content
(30–50%), high internal stability at the sense strand 5 0-ter-
minus, low internal stability at the sense strand 3 0-termi-
nus, absence of internal repeats or palindromes, and
sense strand base preferences (at positions 1, 3, 10, 13,
and 19) [25,30–33]. Thus, these studies indicate that the effi-
cacy of siRNA is not totally secondary structure-depen-
dent, and strongly suggest that the sequence properties of
siRNA may play the major and most important role in
determining inhibition efficacy.

The key challenge for achieving effective gene silencing
in particular for the purpose of the therapeutics is primarily
dependent on the effectiveness and specificity of the RNAi
targeting sequence. Previously, the effective RNAi probes
are identified on the basis of their abilities to inhibit the
expression of cognate sequences in an ectopically expressed
target gene–reporter fusion chimeric mRNA [34]. The
described target gene–reporter-based siRNA validation
system totally depends on the availability of cDNA clones,
and this may limit the high-throughput application of the
method. In addition, sometimes the chimeric mRNA of
target gene–reporter fusion construct encodes an impaired
fusion protein that exhibits a low reporter activity, which
may interfere with the screening and identification of effec-
tive RNAi probes. Recently, a reporter-based siRNA vali-
dation system has been reported in which the validating
system is constructed by fusing a short synthetic DNA
fragment containing an RNAi targeting sequence, instead
of cDNA, with a reporter gene [35,36]. In this method,
however, in order to generate the corresponding triggering
siRNA, it is necessary to have either a synthetic siRNA (or
shRNA) or another synthetic DNA fragment for con-
structing siRNA (or shRNA) expression vector. Thus, this
system is inefficient and cost-intensive especially for large-
scale functional genomic studies.

Not only utilizing the rational design strategy for select-
ing potentially effective siRNAs but also simultaneously
validating the efficacy of designed siRNAs by a simple
and reliable standard method could promote large-scale
functional genomics in mammalian systems especially for
the novel genes. Therefore, it is important to establish a ful-
ly robust validating system for determining the efficacy of
designed siRNAs. In this study, we have developed a reli-
able and quantitative reporter-based siRNA validation sys-
tem for functional screening and identification of effective
RNAi probes in mammalian cells. In this system, only a
short synthetic DNA fragment is required and used for
constructing both the targeting reporter and triggering siR-
NA expression vectors. By using fully analyzed siRNAs
directly against HBsAg or p53 gene expression, we have
demonstrated that this reporter-based siRNA validation
system could effectively and faithfully report the efficacy
of the corresponding siRNAs in a sequence-specific man-
ner. In addition, we have further screened and identified
the highly effective siRNAs that could inhibit MMP-7,
EBV-LMP1, and AKT1 gene expression by using this sys-
tem. Since only a readily available short synthetic DNA
fragment is needed for constructing both the targeting
reporter and triggering siRNA expression vectors, this nov-
el system should not only greatly facilitate large-scale loss-
of-function genetic screens in mammalian cells but also
provide the basis for an improved approach to screen
and identify the most potent siRNA for the purpose of
the therapeutics.
Materials and methods

Cell culture. Baby hamster kidney fibroblast BHK, human hepatoma
derived cell line Huh7, human cervix epithelioid carcinoma derived cell
line HeLa, and human embryonic kidney HEK293 were cultured and
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco-
BRL, Gaithersburg, MD, USA) supplemented with 10% heat-inactivated
foetal calf serum (FCS; Biological Industries, Kibbutz Beit Haemek,
Israel) and 1% antibiotic/antimycotic solution (Gibco-BRL) at 37 �C in a
humidified incubator with 5% CO2. The cell lines were routinely split two
to three times a week after treatment with 0.1% trypsin (Biowhittaker
Acambrex, Walkersville, MD, USA).

Transfection and luciferase assay. Twenty-four hours before transfec-
tion, cells were trypsinized and seeded in 6-well culture plates at 1 · 105

cells per well. The cells were transiently either cotransfected with 0.5 lg of
the targeting reporter plasmid or gene expression vector of interest and
1.5 lg of the corresponding siRNA or shRNA expression plasmids, or
transfected with 2 lg of the triggering siRNA or shRNA expression
plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The EGFP-expressed cells
were examined at 48 h later by inverted fluorescent microscopy or were
quantified by flow cytometer or Western blot analyses. The luciferase-
expressed cells were harvested at 48 h posttransfection and aliquots of the
cell lysates containing equal amounts of protein were measured by Dual-
luciferase Reporter Assay System (Promega, Madison, WI, USA) as
described by the manufacturer. The expression levels of endogenous target
genes were determined at 48 h posttransfection by Western blot analysis.
The total protein in the cell lysates was determined using the BCA assay
(Pierce, Rockford, IL, USA) as recommended by the manufacturer.
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Construction of targeting reporter expression vectors. Plasmid vectors
were constructed by using standard molecular cloning techniques. The
targeting reporter-EGFP plasmids, pEGFP-5UTR, and pEGFP-3UTR
(Fig. 2A), containing enhanced green fluorescent protein (EGFP) and
glutathione S-transferase (GST) genes, were constructed by inserting the
EGFP gene from pEGFP-N1 or pEGFP-C1 (BD Biosciences Clontech,
Palo Alto, CA, USA) and the GST gene from pET21a (Novagen, EMD
Biosciences, Darmstadt, Germany) into the pCMVg vector (BD Biosci-
ences Clontech) to generate pCMV-EGFP-5UTR or pCMV-EGFP-3UTR
and pCMV-GST, respectively, and then the GST gene expression cassette
from pCMV-GST was cloned into the pCMV-EGFP-5UTR or pCMV-
EGFP-3UTR vector. The targeting reporter-firefly luciferase plasmids,
pLuc+-5UTR and pLuc+-3UTR (Fig. 2A), containing firefly (Photinus

pyralis) luciferase (Fluc+) and Renilla (Renilla reiformis) luciferase (Rluc+)
genes, were constructed by inserting the Fluc+ gene from pGL3-Basic
(Promega) and the Rluc+ gene from pRL-TK (Promega) into the pCMV-
EGFP-5UTR or pCMV-EGFP-3UTR and pCMVb (BD Biosciences
Clontech) to generate pCMV-Fluc+-5UTR or pCMV-Fluc+-3UTR and
pCMV-Rluc+, respectively, and then the Rluc+ gene expression cassette
from pCMV-Rluc+ was cloned into the pCMV-Fluc+-5UTR or pCMV-
Fluc+-3UTR vector. The targeting reporter-EGFP and firefly luciferase
fusion plasmids, pPre-1, 2, and 3 (Fig. 2A), containing EGFP-Fluc+ chi-
meric and Rluc+ genes, were constructed by inserting the Fluc+ gene from
pGL3-Basic into the pEGFP-C1 vector (BD Biosciences Clontech) to
generate pEGFP-Fluc+, and then the EGFP-Fluc+ expression cassette
from pEGFP-Fluc+ was cloned into the pCMVb vector to produce
pCMV-EGFP-Fluc+. To generate the pPre-1, 2, and 3 plasmids, the
Rluc+ gene expression cassette from pCMV-Rluc+ was further cloned
into the pCMV-EGFP-Fluc+ vector. The pPre-1, 2, and 3 vectors con-
tained three different reading frame sequences between EGFP and Fluc+
fused sites, pPre1: 5 0-tacaagTCCGGACTCAGATCCGAAGCTTGG
AGATCTGAATTCatggaa-3 0, pPre2: 5 0-tacaagTCCGGACTCAGATC
CAAGCTTGGAGATCTGGAATTCatggaa-3 0, and pPre3: 5 0-tacaag
TCCGGACTCAGATCCCGAAGCTTGGGCGAATTCatggaa-3 0.

Construction of triggering siRNA expression vector pDual. Oligonu-
cleotides were purchased from commercial suppliers. The RNA
polymerase III (Pol III) promoters, human H1 and mouse U6, were PCR-
amplified using synthetic oligonucleotides and cloned into the pBluescript
II KS (+/�) (Stratagene, La Jolla, CA, USA) to generate pHsH1 (Fig. 2B)
and pMmU6. Oligonucleotides used for the amplification of H1 and U6
promoters from human and mouse were: HsH1-S (T7): 5 0-TAATAC
GACTCACTATAGGG-3 0 and HsH1-AS: 5 0-GAAGATCTGTCTCAT
ACAGAATTATAAAG-3 0; MmU6-S: 5 0-CCGCTCGAGATCCGAC
GCCGCCATCTCTAGG-3 0 and MmU6-AS: 5 0-CCCAAGCTTTT
CTCCAAGGGATATTTATAG-3 0. To construct the pDual vector
(Fig. 2B), the mouse U6 (MmU6) expression cassette from pMmU6 was
cloned into the pHsH1 vector.

Construction of targeting reporter and triggering siRNA expression

vectors containing a short synthetic DNA fragment of interest. A general
strategy for constructing targeting reporter and triggering siRNA (or
shRNA) expression vectors involved ligating an annealed oligonucleotide
duplex into HindIII/BglII restriction site of both expression vectors,
simultaneously. Oligonucleotides formed a short synthetic DNA fragment
targeting the EGFP, firefly luciferase, HBsAg, p53, mouse MMP-7, EBV-
LMP1, and AKT1 genes were purchased from commercial suppliers. The
sequences of synthetic DNA oligonucleotides used in this study for con-
structing siRNA validation system are outlined in Table S1.

Construction of HBV-HBsAg, p53, MMP-7, and EBV-LMP1 expression

vectors The p(3A)SAg vector containing HBV-HBsAg gene was kindly
provided by Dr. C.-C. Lu (Department of Pathology, National Cheng Kung
University, Tainan, Taiwan). The reconstructed HBsAg expression vectors,
p(3A)SAg-luc+ and p(3A)SAg-EGFP, contained the firefly luciferase gene
from pGL3-Promoter (Promega) and the EGFP gene from pEGFP-N1 (BD
Biosciences Clontech) inserted into the p(3A)SAg vector [37]. Construction
of the pCMV-p53/EGFP has been described previously [38]. The cDNA
encoding mouse MMP-7 or EBV-LMP1 protein was amplified using total
RNAs isolated from mouse liver tissue or B95-8 cells with the primers of
MMP-7F: 5 0-CGGGATCCACCA TGCAGCTCACCCTGTTCTG-30 and
MMP-7R 5 0-CCGCTCGAGCGTCACAGCGTGTTCCTCTTTCCATA
TAAC-30 or EBV-LMP1F: 5 0-CGGAATTCATGGAACACGACCTTG
AGAGGG-3 0 and EBV-LMP1R: 5 0-GGGGTACCAGTCATAGTAGCT
TAGCTGAAC-3 0 by reverse transcription-polymerase chain reaction (RT-
PCR). The amplified PCR fragments were cloned into pcDNA3.1/myc-His
vector (Invitrogen) and then confirmed by sequencing. The pCMV-Mat/
EGFP and pCMV-LMP1/EGFP vectors contained the EGFP gene from
pEGFP-N1 (BD Biosciences Clontech) inserted into the pcDNA3.1-Mat
and pcDNA3.1-LMP1 vectors.

Western blot analysis of EGFP, GST, HBsAg, p53, MMP-7, EBV-

LMP1, and AKT1. At 48 h after transfection, cells were directly lysed on 6-
well culture plates in lysis buffer (150 mM NaCl, 50 mM Tris–HCl, pH 7.4,
2 mM EDTA, and 1% NP-40) containing protease inhibitors (Roche,
Mannheim, Germany). Total protein extracts were separated on a 12%
SDS–polyacrylamide gel and transferred onto an Immobilon-P membrane
(Millipore, Billerica, MA, USA), and incubated with anti-GFP (B-2), anti-
GST (B-14), anti-c-Myc (9E10) or anti-p53 monoclonal antibody (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA), sheep polyclonal anti-
HBsAg antibodies (Serotec, Oxford, UK), anti-EBV-LMP1 CS 1-4
monoclonal antibody (DakoCytomation, Inc., Carpinteria, CA, USA) or
rabbit polyclonal anti-AKT1 antibodies (Cell Signaling Technology Inc.,
Beverly, MA, USA) followed by incubation with horseradish peroxidase-
conjugated anti-mouse IgG secondary antibody (Jackson ImmunoRe-
search Laboratories, Inc., West Grove, PA, USA), anti-sheep IgG sec-
ondary antibody (abcam, Cambridgeshire, UK) or anti-rabbit IgG
secondary antibody (Santa Cruz Biotechnology). The bands were detected
by using the enhanced chemiluminescence system (Amersham Biosciences,
Little Chalfont, Buckinghamshire, UK).
Results

Strategy and experimental design for screening and

identifying effective RNAi probes

To screen and identify the effective RNAi probes more
robustly and cost-effectively, we have developed a reliable
and quantitative reporter-based siRNA validation system
required only a short synthetic DNA fragment. This system
is composed of a short synthetic DNA fragment and two
expression vectors for targeting reporter and triggering
siRNA expression (Fig. 1). The short synthetic DNA frag-
ment is formed by annealing two complementary sense-
and antisense-oligonucleotides, which contain a unique
RNAi targeting sequence with 19-nt in length flanked by
five consecutive adenosine and thymidine residues (As
and Ts) at the 5 0 and 3 0 ends as an effective termination sig-
nal for transcription of the antisense- and sense-RNA,
respectively (Fig. 1B). The unique RNAi targeting
sequence is selected and designed from protein coding
region of the target gene according to the sequence-specific
characteristics of the effective siRNAs as described in
Introduction. To construct the targeting reporter vector,
a short synthetic DNA fragment containing a unique
RNAi targeting sequence of interest is fused with a reporter
gene at the 5 0-, 3 0-UTR or is inserted within the reporter
gene without interfering in its activity (Fig. 1A). To make
the greatest value and utility of this short synthetic DNA
fragment, simultaneously, it is also cloned into a specific
triggering siRNA expression vector that contains two func-
tional convergent RNA Pol III promoters (Fig. 1C). Effica-
cy of the siRNAs is measured by their abilities to inhibit
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Fig. 1. Strategy and experimental design for screening effective RNAi
probes using reporter-based siRNA validation system. This reporter-based
siRNA validation system is composed of a short synthetic DNA fragment
(B) and two expression vectors for targeting reporter (A) and triggering
siRNA (C) expression. The short synthetic DNA fragment contains a
unique RNAi targeting sequence with 19-nt in length and two specific
restriction enzyme HindIII and BglII compatible ends for inserting into
the HindIII/BglII-digested targeting reporter and triggering siRNA
expression vectors simultaneously. The restriction enzyme compatible
ends of HindIII (5 0-AGCT) and BglII (5 0-GATC) are underlined. The
targeting reporter vector not only contains the reporter gene expression
cassette driven by RNA Pol II promoter but also includes two unique
restriction enzyme sites, HindIII (H) and BglII (B), for construction of the
RNAi targeting sequence at the 5 0- or 3 0-UTR or insertion within the
reporter gene without interfering its activity. The positions for inserting
the RNAi targeting sequence are marked with black triangles. The
triggering siRNA expression vector contains two convergent RNA Pol III
promoters to drive expression of both the sense and antisense strands of
the siRNA, respectively. The short synthetic DNA fragment is also cloned
into the HindIII (H) and BglII (B) sites in triggering siRNA expression
vector.
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expression of the targeting reporter gene, which contains
the corresponding short synthetic DNA fragment, with
easily quantified readouts including EGFP or firefly lucifer-
ase. In addition, to make this system complete, it is conve-
nient to include an excellent in vitro cell model, which not
only provides an easy cell culture system but also has high
transfection efficiency. Because this system is used for
screening the highly effective RNAi probes directly against
genes with wide range of biological functions, it is better to
perform the screening in a non-human and non-mouse cell
line. To fit these criteria, the baby hamster kidney fibro-
blast BHK is chosen as an in vitro experimental model.
Moreover, to standardize the experimental procedures,
including cell culture conditions and transfection proto-
cols, have been optimized.

Construction of the reporter-based siRNA validation system

including targeting reporter and triggering siRNA expression

vectors

This reporter-based siRNA validation system includes
two expression vectors for targeting reporter and triggering
siRNA expression (Figs. 1A and C). To simply normalize
the transfection variation and accurately evaluate the effi-
cacy of the RNAi probes, the targeting reporter vectors
all contain two independent expression cassettes for tran-
scription of the targeting reporter (EGFP or firefly lucifer-
ase) and reference protein (glutathione S-transferase, GST
or Renilla luciferase) genes (Fig. 2A). The simple and sen-
sitive EGFP-fluorescence detection or luciferase assay com-
bined with well-documented and easily analyzed reference
protein, GST or Renilla luciferase, provides an easy and
reliable readout for the system. In addition, to test the
silencing effects of an RNAi targeting sequence located at
different positions on the targeting reporter gene, we have
constructed three distinct targeting reporter vectors that
contain two unique restriction enzyme HindIII and BglII
sites at either the 5 0-UTR or 3 0-UTR of the reporter gene
or within a chimeric fusion reporter gene for constructing
the RNAi targeting sequence (Fig. 2A).

To fully utilize the short synthetic DNA fragment for
producing the triggering siRNA, we have constructed a par-
ticular siRNA expression vector, pDual (Fig. 2B), which
contains two convergent RNA Pol III promoters, mouse
U6 and human H1, to drive expression of both the sense
and antisense strands of siRNA by using the short synthetic
DNA fragment as template, respectively. In addition, to
simply and efficiently clone the short synthetic DNA frag-
ment containing the RNAi targeting sequence of interest
into this vector, the pDual vector also contains the same
HindIII and BglII restriction enzyme sites located between
mouse U6 and human H1 promoters in which the sense
and antisense strands of siRNA are transcribed by U6 and
H1 promoters, respectively. Previous studies have shown
that the shRNA exhibits slightly better effect on the inhibi-
tion of gene expression as compared with that of the siRNA
[17,38]. To make this study complete, we have also con-
structed a highly effective shRNA expression vector, pHsH1
(Fig. 2B), which contains only the human H1 promoter to
drive transcription of the consecutive sequence of the sense,
a loop, and the antisense regions.

In addition, to objectively and accurately determine the
efficacy of selected RNAi targeting sequence mediated inhi-
bition of the targeting reporter gene expression in both the
EGFP- and firefly luciferase-based siRNA validation sys-
tems, it is essential to have highly effective RNAi probes
directly against EGFP and firefly luciferase expression. For
this purpose, we have particularly constructed four effective
shRNA and siRNA expression vectors for inhibiting EGFP
(pHsH1-shEGFP and pDual-siEGFP) and firefly luciferase
(pHsH1-shLuc and pDual-siLuc) expression that could
serve as references for positive controls. These effective
RNAi probes target on the coding regions of EGFP and fire-
fly luciferase mRNA transcripts, and exhibit high inhibition
effects with a silencing efficiency of more than 90%.

Evaluation of the reporter-based siRNA validation system

with well-analyzed siRNAs

To evaluate the performance and accuracy of this
system, we have first examined this system with two
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Fig. 2. Targeting reporter and triggering siRNA expression vectors. (A) Constructs of targeting reporter expression vectors. The vectors contain two
independent expression cassettes for expression of the targeting reporter and reference protein as well as two unique restriction enzyme sites, HindIII and
BglII, located either at the 5 0-UTR (a and b) or 3 0-UTR (c and d) of the reporter gene or within a chimeric fusion reporter gene (e) for constructing the
RNAi targeting sequence. The unique restriction enzyme sites, HindIII and BglII, for constructing the RNAi targeting sequence are in red. pEGFP-5UTR
(a) and pEGFP-3UTR (c) contain the EGFP as targeting reporter and GST as reference protein. pLuc+-5UTR (b) and pLuc+-3UTR (d) contain the
firefly luciferase (Fluc+) as targeting reporter and Renilla luciferase (Rluc+) as reference protein. pPre-1, 2, and 3 (e) three vectors contain the chimeric
EGFP-firefly luciferase fusion protein (EGFP-Fluc+) as targeting reporter and Renilla luciferase as reference protein, as well as they possess three different
reading frame sequences between EGFP and Fluc+ fused sites for inserting RNAi targeting sequences with different reading frames. (B) Constructs of
triggering siRNA expression vectors. The siRNA expression plasmid pDual (a) contains two convergent RNA Pol III promoters, mouse U6 (MmU6) and
human H1 (HsH1), to drive expression of both the sense and antisense strands of the siRNA, respectively. The shRNA expression plasmid pHsH1 (b)
contains only the human H1 (HsH1) promoter to drive transcription of the consecutive sequence of the sense, a loop, and the antisense regions.
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or (B) 3 0-UTR-sisAg3-mediated targeting reporter gene expression in BHK cells. The cells were cotransfected with 0.5 lg of targeting reporter expression
vector (pEGFP-5UTR-sisAg3 or 3UTR-sisAg3; pLuc+-5UTR-sisAg3 or 3UTR-sisAg3) and 1.5 lg of triggering siRNA expression vector (pHsH1-
shsAg3, shEGFP or shLuc; pDual-sisAg3, siEGFP or siLuc) as indicated by Lipofectamine 2000. At 48 h posttransfection, the cells expressed EGFP were
examined by inverted fluorescent microscopy (a); the expression levels of EGFP and GST in the total protein extracts were further determined by Western
blot analysis (b); and the expression levels of firefly and Renilla luciferases in the total protein extracts were measured by Dual-luciferase Reporter Assay
System (c). (C) Inhibition effects of sisAg3-mediated targeting chimeric fusion reporter gene expression in BHK cells. The cells were cotransfected with
0.5 lg of targeting reporter expression vector pPre-1-sisAg3 and 1.5 lg of triggering siRNA expression vector (pHsH1-shsAg3, shEGFP or shLuc; pDual-
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protein (EGFP-Fluc+) and Renilla luciferase in the total protein extracts were measured by Dual-luciferase Reporter Assay System. The firefly luciferase/
Renilla luciferase (Pp-luc/Rr-luc) ratio was normalized and calculated against the control vector (pHsH1 or pDual). The plotted data were averaged from
three independent experiments and the bars indicate standard deviation. The levels of GST serve as reference protein for loading control.
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well-analyzed RNAi targeting sequences, sisAg1 and
sisAg3, on HBV-HBsAg gene. Our previous studies have
shown that the sisAg3 exhibits an extremely potent silenc-
ing effect on HBsAg expression, while the sisAg1 displays
totally no inhibition effect [37]. To determine the inhibition
effects of pHsH1-expressed shsAg1 (or shsAg3) and pDual-
expressed sisAg1 (or sisAg3) on HBsAg expression, human
hepatoma cell line Huh7 cells were cotransfected with
HBsAg expression vector p(3A)SAg-luc+ or p(3A)SAg-
EGFP and shsAg expression vector pHsH1-shsAg1
(or shsAg3) or sisAg expression vector pDual-sisAg1
(or sisAg3). The expression levels of HBsAg, firefly lucifer-
ase, and EGFP in total protein extracts were determined at
48 h posttransfection. Consistent with the results obtained
from the previous studies, not only the pHsH1-expressed
shsAg3 but also the pDual-expressed sisAg3 induced an
extremely high inhibition effect on p(3A)SAg-luc+- and
p(3A)SAg-EGFP-induced HBsAg expression; in contrast,
both the shsAg1 and sisAg1 dsRNAs had no inhibition
effect on HBsAg expression as compared to the vector only
(Fig. S1A). These results clearly indicated that both the
shRNA and siRNA expressed from pHsH1 and pDual vec-
tors, respectively, could effectively induce gene silencing
with similar efficacy.

To simply test the efficiency of this system in reporting
the efficacy of an inactive sisAg1- and active sisAg3-medi-
ated inhibition of targeting reporter expression, we have
fused the sisAg1 or sisAg3 RNAi targeting sequence with
EGFP or firefly luciferase reporter gene at the 5 0-, 3 0-
UTR or inserted between EGFP-Fluc+ fusion gene. The
in vitro cell model BHK cells were cotransfected with tar-
geting reporter expression vector (pEGFP-5UTR-sisAg3
or 3UTR-sisAg3; pLuc+-5UTR-sisAg3 or 3UTR-sisAg3;
pPre-1-sisAg3) and triggering siRNA expression vector
(pHsH1-shsAg3 or pDual-sisAg3). At 48 h posttransfec-
tion, the expression levels of EGFP, GST, firefly, and
Renilla luciferases in total protein extracts were analyzed.
When the RNAi targeting sequence sisAg3 was inserted
at the 5 0- or 3 0-UTR of EGFP gene, both the pHsH1-ex-
pressed shsAg3 and pDual-expressed sisAg3 induced
strong inhibition of EGFP production (Figs. 3A and B).
In addition, when the reporter gene EGFP was replaced
by firefly luciferase, both the shsAg3 and sisAg3 exhibited
similar inhibition effects on the 5 0- or 3 0-UTR sisAg3-med-
iated targeting reporter firefly luciferase expression (Figs.
3A and B). Further, we have repeated the experiments with
the RNAi targeting sequence sisAg3 inserted within the
chimeric EGFP-Fluc+ fusion gene. As the results shown
in Fig. 3C, both the shsAg3 and sisAg3 induced strong
inhibition on EGFP-Fluc+ fusion gene expression accord-
ing to the suppression of firefly luciferase activity. These
results indicated that the active RNAi targeting sequence
sisAg3 could strongly mediate inhibition of targeting
reporter EGFP, firefly luciferase or EGFP-Fluc+ chimeric
protein production.

To check whether this system could really reflect the effi-
cacy of selected RNAi targeting sequences, we have tested
this system with the inactive RNAi targeting sequence
sisAg1. BHK cells were cotransfected with targeting
reporter expression vector (pEGFP-5UTR-sisAg1 or
3UTR-sisAg1; pLuc+-5UTR-sisAg1 or 3UTR-sisAg1;
pPre-1-sisAg1) and triggering siRNA expression vector
(pHsH1-shsAg1 or pDual-sisAg1). The expression levels
of EGFP, GST, firefly, and Renilla luciferases in total pro-
tein extracts were determined at 48 h posttransfection. As
compared with the results obtained from using the active
RNAi targeting sequence sisAg3, the inactive sisAg1 total-
ly had no inhibition effects on targeting reporter gene
expression in all tested systems including sisAg1 fused at
the 5 0- or 3 0-UTR of EGFP or firefly luciferase or inserted
within EGFP-Fluc+ fusion gene, as well as pHsH1-ex-
pressed shsAg1 and pDual-expressed sisAg1 (Fig. S2).

To further confirm the efficiency of this system in report-
ing the efficacy of selected RNAi targeting sequences, we
have repeatedly examined this system with another impor-
tant and well-documented RNAi targeting sequence sip53
on tumor suppressor protein p53 gene. Previous studies
have shown that this sip53 could efficiently induce inhibi-
tion of p53 expression in either the transient, stable or
inducible gene silencing experiment [18,38,39]. To deter-
mine the inhibition effect of sip53 expressed from pDual
vector, BHK cells were cotransfected with p53 expression
vector pCMV-p53/EGFP and shp53 expression vector
pHsH1-shp53 or sip53 expression vector pDual-sip53. At
48 h posttransfection, the expression levels of p53 and
EGFP in total protein extracts were analyzed. As expected,
the pDual-expressed sip53 also displayed strong inhibition
effect on pCMV-p53/EGFP-induced p53 expression as
compared to that of pHsH1-expressed shp53 (Fig. S1B).

To further examine the efficiency of this system in
reporting the efficacy of active sip53 targeting sequence,
BHK cells were cotransfected with targeting reporter
expression vector (pEGFP-5UTR-sip53 or 3UTR-sip53;
pLuc+-5UTR-sip53 or 3UTR-sip53; pPre-1-sip53) and
triggering siRNA expression vector (pHsH1-shp53 or pDu-
al-sip53). At 48 h posttransfection, the expression levels of
EGFP, GST, firefly, and Renilla luciferases were deter-
mined. As the results shown in Fig. S3, the active sip53
almost copied the inhibition effects of sisAg3-mediated tar-
geting reporter gene expression in all experimental condi-
tions. Taken together, these results clearly demonstrated
that this reporter-based siRNA validation system could
effectively and faithfully report the efficacy of selected
RNAi targeting sequences, as well as that all three distinct
targeting reporter constructs exhibited similar efficiency in
reporting the efficacy of selected RNAi probes.

Application of this reporter-based siRNA validation system

to identify effective siRNAs

To simply and efficiently perform this reporter-based
siRNA validation system, we have only focused on the tar-
geting reporter expression vectors, pEGFP-3UTR and
pLuc+-3UTR, and the triggering siRNA expression
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Inhibition effects of (A) 3 0-UTR-siMat3- and (B) 3 0-UTR-siMat6-mediated targeting reporter gene expression in BHK cells. The cells were cotransfected
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posttransfection, the cells expressed EGFP were examined by inverted fluorescent microscopy (a); the expression levels of EGFP and GST in the total
protein extracts were further determined by Western blot analysis (b); and the expression levels of firefly and Renilla luciferases in the total protein extracts
were measured by Dual-luciferase Reporter Assay System (c). The firefly luciferase/Renilla luciferase (Pp-luc/Rr-luc) ratio was normalized and calculated
against the control vector (pHsH1 or pDual). The plotted data were averaged from three independent experiments and the bars indicate standard
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Inhibition effects of (A) 3 0-UTR-siLMP1-2- and (B) siLMP1-4-mediated targeting reporter gene expression in BHK cells. The cells were cotransfected with
0.5 lg of targeting reporter expression vector (pEGFP-3UTR-siLMP1-2 or siLMP1-4; pLuc+-3UTR-siLMP1-2 or siLMP1-4) and 1.5 lg of triggering
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Lipofectamine 2000. At 48 h posttransfection, the cells expressed EGFP were examined by inverted fluorescent microscopy (a); the expression levels of
EGFP and GST in the total protein extracts were further determined by Western blot analysis (b); and the expression levels of firefly and Renilla luciferases
in the total protein extracts were measured by Dual-luciferase Reporter Assay System (c). The firefly luciferase/Renilla luciferase (Pp-luc/Rr-luc) ratio was
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EGFP in the total protein extracts were determined by Western blot analysis. The levels of EGFP serve as reference protein for transfection efficiency.
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vector, pDual. To actually test this system for selecting
effective RNAi targeting sequences of interest, we have
employed this system to identify highly effective RNAi
probes directly against mouse MMP-7, EBV-LMP1, and
human AKT1. MMP-7, one of the smallest members of
the matrix metalloproteinase (MMP) family, not only asso-
ciates with tumor progression and metastasis but also plays
an essential role in innate immunity in particular inflamma-
tion disorders [40]. It has been shown that MMP-7 might
contribute to tumor resistance to cytotoxic agents and sug-
gested that inactivation of MMP-7 might enhance the effi-
cacy of conventional cancer chemotherapy [40].

To directly apply this reporter-based siRNA validation
system for identifying effective siRNAs, we have designed
and screened two putative RNAi probes targeting the
coding sequence of mouse MMP-7. BHK cells were
cotransfected with targeting reporter expression vector
(pEGFP-3UTR-siMat3 or siMat6; pLuc+-3UTR-siMat3
or siMat6) and triggering siRNA expression vector
(pHsH1-shMat3 or shMat6; pDual-siMat3 or siMat6).
The expression levels of EGFP, GST, firefly, and Renilla

luciferases were determined at 48 h posttransfection. As
the results shown in Fig. 4A, the siMat3 only induced par-
tial inhibition effects on expression of the targeting reporter
EGFP or firefly luciferase expressed from pEGFP-3UTR-
siMat3 or pLuc+-3UTR-siMat3, respectively. In contrast
with the siMat3, the siMat6 mediated strong inhibition
effects as compared with two standard positive controls,
siEGFP and siLuc, expressed from either pHsH1 or pDual
(Fig. 4B). According to the results indicated, the RNAi tar-
geting sequence siMat6 exhibited inhibition effect with effi-
cacy more than 90%. To further confirm these results,
BHK cells were cotransfected again with MMP-7 expres-
sion vector pCMV-Mat/EGFP and triggering siRNA
expression vector (pHsH1-shMat3 or shMat6; pDual-
siMat3 or siMat6). Consistent with the results obtained
from the reporter-based siRNA validation system, the
selected active shMat6 and siMat6 expressed from pHsH1
and pDual vectors, respectively, indeed exhibited high inhi-
bition effects on pCMV-Mat/EGFP-induced MMP-7
expression, in contrast, the partially active shMat3 and
siMat3 had inhibition effects with efficacy about 40–50%
(Fig. 4C).
Fig. 6. Effects of selected RNAi targeting sequences of AKT1, including siAKT
of the targeting reporter and AKT1 expression. Inhibition effects of (A) 3 0-U
siAKT1-5-mediated targeting reporter gene expression in BHK cells. The ce
(pEGFP-3UTR-siAKT1-1, siAKT1-2, siAKT1-3, siAKT1-4 or siAKT1-5; pLu
1.5 lg of triggering siRNA expression vector (pDual-siAKT1-1, siAKT1-2,
Lipofectamine 2000. At 48 h posttransfection, the cells expressed EGFP were
EGFP and GST in the total protein extracts were further determined by Wester
in the total protein extracts were measured by Dual-luciferase Reporter Assay S
normalized and calculated against the control vector (pDual). The plotted data
standard deviation. The levels of GST serve as reference protein for loading co
and siAKT1-5 on endogenous AKT expression in HeLa (a) and HEK293 (b) ce
vector (pDual-siAKT1-1, siAKT1-2, siAKT1-3, siAKT1-4 or siAKT1-5) as in
levels of AKT1 and b-actin in the total protein extracts were determined by
loading control.
EBV, a human c-herpesvirus, is not only able to estab-
lish life-long and asymptomatic infection in the vast major-
ity of individuals worldwide but also highly associated with
an increasing number of tumors and lymphoid diseases
[41]. The EBV-induced pathogenesis is strongly associated
with viral proteins that contribute to cell immortalization
and immune evasion. Previous studies have shown that dis-
ruptions of these viral proteins resulted in inhibition of
either viral replication or transforming abilities, suggesting
that these proteins are potential candidates as therapeutic
targets [42,43]. The LMP1 functions as a constitutively
activated member of the tumor necrosis factor receptor
(TNFR) superfamily and activates several signaling path-
ways in a ligand-independent manner, which induces sever-
al of genes that encode anti-apoptotic proteins and
cytokines. LMP1 not only involves in type II and type
III EBV latency but also regards as an oncoprotein in
rodent fibroblast transformation and EBV-induced B cell
immortalization.

To explore further the potential of this method, we have
additionally designed and screened two siRNAs targeting
the coding sequence of EBV-LMP1. BHK cells were
cotransfected with targeting reporter expression vector
(pEGFP-3UTR-siLMP1-2 or siLMP1-4; pLuc+-3UTR-
siLMP1-2 or siLMP1-4) and triggering siRNA expression
vector (pHsH1-shLMP1-2 or shLMP1-4; pDual-siLMP1-
2 or siLMP1-4). At 48 h posttransfection, the expression
levels of EGFP, GST, firefly, and Renilla luciferases
were determined. As the results shown in Fig. 5A, the
siLMP1-2 exhibited no inhibition effects on pEGFP-
3UTR-siLMP1-2-induced EGFP and pLuc+-3UTR-
siLMP1-2-induced firefly luciferase expression as compared
with the two standard positive controls, siEGFP and siLuc,
indicating that the selected RNAi targeting sequence
siLMP1-2 was inactive and non-functional. In contrast
with inactive siLMP1-2, the siLMP1-4 exhibited strong
inhibition effects on expression of the EGFP and firefly
luciferase expressed from pEGFP-3UTR-siLMP1-4 and
pLuc+-3UTR-siLMP1-4 targeting reporter expression vec-
tors, respectively (Fig. 5B). As compared with the efficacy
of two standard positive controls, siEGFP and siLuc, the
evaluated efficacy of siLMP1-4 was more than 90%. To
directly assess the efficacy of siLMP1-2 and siLMP1-4 in
1-1, siAKT1-2, siAKT1-3, siAKT1-4, and siAKT1-5, mediated inhibition
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inhibition of EBV-LMP1 expression, BHK cells were
repeatedly cotransfected with LMP1 expression vector
pCMV-LMP1/EGFP and triggering siRNA expression
vector (pHsH1-shLMP1-2 or shLMP1-4; pDual-siLMP1-
2 or siLMP1-4). As the predicted, the shLMP1-4 and siL-
MP1-4 induced strong inhibition effects on pCMV-
LMP1/EGFP-induced LMP1 production, while both the
shLMP1-2 and siLMP1-2 were totally ineffective (Fig. 5C).

The phosphatidylinositol-3-kinase (PI3K)/AKT signal-
ing pathway plays a critical role in cell proliferation and
survival. Perturbations of this signaling pathway have been
found in a variety of human cancer cells. Previous studies
have shown that constitutively activated PI3K/AKT sig-
naling pathway is sufficient to induce oncogenic transfor-
mation of cells and tumor formation in transgenic mice
[44]. In addition, inhibition of this signaling pathway
results in growth inhibition and apoptosis of cancer cells
with in particular elevated this signaling activity. Thus,
blocking the hyperactive PI3K/AKT signaling pathway
provides a new strategy for targeted cancer therapy, espe-
cially for cancer cells whose survival and growth are dom-
inated by constitutively active PI3K/AKT signaling [45].

To additionally evaluate the authenticity of this report-
er-based siRNA validation system, we have particularly
designed and screened five RNAi targeting sequences on
the coding region of human AKT1. BHK cells were
cotransfected with targeting reporter expression vector
(pEGFP-3UTR-siAKT1-1, siAKT1-2, siAKT1-3, siA-
KT1-4 or siAKT1-5; pLuc+-3UTR-siAKT1-1, siAKT1-2,
siAKT1-3, siAKT1-4 or siAKT1-5) and triggering siRNA
expression vector (pDual-siAKT1-1, siAKT1-2, siAKT1-
3, siAKT1-4 or siAKT1-5). The expression levels of EGFP,
GST, firefly, and Renilla luciferases were determined at
48 h posttransfection. As the results shown in Figs. 6A,
C, and E, the siAKT1-1, siAKT1-3, and siAKT1-5 only
induced low to medium levels of inhibition on expression
of the targeting reporter EGFP or firefly luciferase
expressed from pEGFP-3UTR-siAKT1-1, siAKT1-3 or
siAKT1-5; pLuc+-3UTR-siAKT1-1, siAKT1-3 or
siAKT1-5. In contrast with the siAKT1-1, siAKT1-3, and
siAKT1-5, the siAKT1-2 and siAKT1-4 triggered strong
inhibition effects as compared with two standard positive
controls, siEGFP and siLuc, expressed from pDual (Figs.
6B and D). According to the results indicated, the RNAi
targeting sequences siAKT1-2 and siAKT1-4 exhibited
inhibition effect with efficacy more than 90%. To further
confirm these results, HeLa and HEK293 cells were trans-
fected with triggering siRNA expression vector, pDual-siA-
KT1-1, siAKT1-2, siAKT1-3, siAKT1-4 or siAKT1-5.
Consistent with the results obtained from the reporter-
based siRNA validation system, the selectively active
siAKT1-2 and siAKT1-4 expressed from pDual indeed
exhibited high inhibition effects on endogenous AKT1
expression; in contrast, the partially active siAKT1-1,
siAKT1-3, and siAKT1-5 had inhibition effects with
efficacy of about 60–70% (Fig. 6F). These results clearly
indicated that this reporter-based siRNA validation system
could robustly and efficiently screen highly effective RNAi
probes for either reverse functional genomics or gene
silencing-based therapeutics.

Discussion

In this study, we established a reliable and quantitative
reporter-based siRNA validation system, and also demon-
strated that this system could effectively and faithfully
report the efficacy of the corresponding siRNA in a
sequence-specific manner. This system is composed of
two expression vectors for targeting reporter and triggering
siRNA expression, as well as two highly effective siRNAs,
siEGFP [46] and siLuc [38], which serve as references for
positive controls. In addition, to make this system more
comparative, either the sisAg3 [37] or sip53 [18] could also
be included as a positive reference that could effectively and
specifically mediate inhibition of the targeting reporter
EGFP or firefly luciferase expression via the corresponding
RNAi targeting sequence. As compared with the inhibition
levels of these positive references, one could easily evaluate
the efficacy of designed RNAi probes of interest.

In comparison with the previous methods [34–36], the
only requirement for this system is a short synthetic
DNA fragment that contains a unique RNAi targeting
sequence with 19-nt in length. This short synthetic DNA
fragment can be used for constructing both the targeting
reporter and triggering siRNA expression vectors simulta-
neously. It has been shown that fusion of the targeting
reporter gene with the different length of RNAi targeting
sequence either 19- or 38-nt exhibits no significant differ-
ence on inhibition effects induced by the corresponding
siRNAs [35]. These results clearly indicate that the 19-nt
sequence in an active siRNA is enough to serve as a func-
tional RNAi targeting sequence for achieving the reporter-
based siRNA validation assay. As an ideal and workable
system, the RNAi targeting sequence is conveniently and
efficiently fused at the 3 0-UTR of the targeting reporter
gene with no regard to its open reading frame and no effect
on its translation. On the basis of this principle, the target-
ing reporter expression vectors, pEGFP-3UTR and
pLuc+-3UTR, provide a complete system for constructing
any RNAi targeting sequences of interest.

There are many approaches to build the profile of a par-
ticular gene and its function. One of the best and simple
ways to investigate gene function is to disrupt or knock
down the gene and determine the phenotype of the result-
ing mutant. To efficiently apply RNAi technology for
reverse functional genomics [8–11], in particular the novel
or putative genes with only available nucleotide sequences
in databases but without cDNA clones in hand, one could
simply identify the effective RNAi probes directly against
the novel or putative genes by using this system. Once
the highly effective RNAi probes are identified, one could
easily establish the specific gene knockdown in the in vitro

cell lines or in vivo animal models that provide a loss-
of-function mutation in the novel or putative genes.
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Subsequently, many different molecular, cellular, biochem-
ical, and other analyses could be performed to examine the
inhibition effects on the in vitro or in vivo models.

siRNAs could be used clinically to inhibit gene expres-
sion as a therapeutic agent in many diseases characterized
by elevated gene function. Inhibition of virus-specific genes
by siRNAs has proven to be a potential therapeutic strat-
egy against virus induced diseases. For instance, inhibition
of virus replication and gene expression by directly intro-
ducing siRNAs into the cells has been reported for numer-
ous viruses [47,48], including several important human
pathogens such as poliovirus [49], HIV-1 [22,50], hepatitis
C virus [51], influenza virus [52], dengue virus [53], and hep-
atitis B virus [37,54,55]. A number of extremely virulent
viruses including Ebola, Lassa, severe acute respiratory
syndrome (SARS), avian influenza (H5N1), West Nile,
and smallpox viruses are highly infectious and cause
extraordinarily deadly diseases [56,57]. Furthermore, there
are currently no vaccines or effective therapies available,
and in particular these viruses require special containment
for safe research. To develop an extremely potent RNAi-
based therapeutics for these virulent viruses with safety,
this reporter-based siRNA validation system could provide
a simple and powerful approach for screening and identifi-
cation of highly effective siRNAs directly against viral gene
expression without the need of direct virus culture. Cur-
rently, we have successfully screened and identified several
highly effective RNAi probes potentially against these vir-
ulent viruses by simply using the rational design strategy
and this reporter-based siRNA validation system (C.-F.
Teng, unpublished data).

In summary, our results clearly demonstrate that this
reporter-based siRNA validation system not only could
effectively and faithfully report the efficacy of the corre-
sponding siRNAs in a sequence-specific manner but also
provided a simple and cost-effective system for simulta-
neously constructing both the targeting reporter and trig-
gering siRNA expression vectors with only requirement
of a short synthetic DNA fragment as compared with the
previous approaches [35,36]. Although previous studies
have described the usefulness of the reporter-based siRNA
validation method in screening effective siRNAs, our stud-
ies advanced its capacities not only for using in high-
throughput application but also for reverse genetic studies
of novel gene function. Because of its simplicity and effec-
tiveness, this approach is useful for large-scale analysis of
mammalian gene function.

Acknowledgments

This work was supported by Grant NSC-95-2752-B-
006-004-PAE from the National Science Council, Taiwan,
ROC (to Wen-Tsan Chang) and Grant DOH-TD-B-111-
004 from the Department of Health, Taiwan, ROC (to
Cheng-Yang Chou).
Appendix A. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.
2006.05.164.
References

[1] A. Fire, S. Xu, M.K. Montgomery, S.A. Kostas, S.E. Driver, C.C.
Mello, Potent and specific genetic interference by double-stranded
RNA in Caenorhabditis elegans, Nature 391 (1998) 806–811.

[2] D.M. Dykxhoorn, C.D. Novina, P.A. Sharp, Killing the messenger:
short RNAs that silence gene expression, Nat. Rev. Mol. Cell Biol. 4
(2003) 457–467.

[3] V. Schramke, R. Allshire, Hairpin RNAs and retrotransposon LTRs
effect RNAi and chromatin-based gene silencing, Science 301 (2003)
1069–1074.

[4] H.S. Soifer, A. Zaragoza, M. Peyvan, M.A. Behlke, J.J. Rossi, A
potential role for RNA interference in controlling the activity of the
human LINE-1 retrotransposon, Nucleic Acids Res. 33 (2005) 846–
856.

[5] B.J. Reinhart, F.J. Slack, M. Basson, A.E. Pasquinelli, J.C. Bettinger,
A.E. Rougvie, H.R. Horvitz, G. Ruvkun, The 21-nucleotide let-7
RNA regulates developmental timing in Caenorhabditis elegans,
Nature 403 (2000) 901–906.

[6] T.A. Volpe, C. Kidner, I.M. Hall, G. Teng, S.I. Grewal, R.A.
Martienssen, Regulation of heterochromatic silencing and histone H3
lysine-9 methylation by RNAi, Science 297 (2002) 1833–1837.

[7] M.A. Matzke, J.A. Birchler, RNAi-mediated pathways in the nucleus,
Nat. Rev. Genet. 6 (2005) 24–35.

[8] T. Tuschl, Functional genomics: RNA sets the standard, Nature 421
(2003) 220–221.

[9] K. Berns, E.M. Hijmans, J. Mullenders, T.R. Brummelkamp, A.
Velds, M. Heimerikx, R.M. Kerkhoven, M. Madiredjo, W. Nijkamp,
B. Weigelt, et al., A large-scale RNAi screen in human cells identifies
new components of the p53 pathway, Nature 428 (2004) 431–437.

[10] P.J. Paddison, J.M. Silva, D.S. Conklin, M. Schlabach, M. Li, S.
Aruleba, V. Balija, A. O’Shaughnessy, L. Gnoj, K. Scobie, et al., A
resource for large-scale RNA-interference-based screens in mammals,
Nature 428 (2004) 427–431.

[11] J. Silva, K. Chang, G.J. Hannon, F.V. Rivas, RNA-interference-
based functional genomics in mammalian cells: reverse genetics
coming of age, Oncogene 23 (2004) 8401–8409.

[12] D.J. Shuey, D.E. McCallus, T. Giordano, RNAi: gene-silencing in
therapeutic intervention, Drug Discov. Today 7 (2002) 1040–1046.

[13] G.J. Hannon, J.J. Rossi, Unlocking the potential of the human
genome with RNA interference, Nature 431 (2004) 371–378.

[14] L.J. Scherer, J.J. Rossi, Approaches for the sequence-specific knock-
down of mRNA, Nat. Biotechnol. 21 (2003) 1457–1465.

[15] S.M. Elbashir, J. Harborth, W. Lendeckel, A. Yalcin, K. Weber, T.
Tuschl, Duplexes of 21-nucleotide RNAs mediate RNA interference
in cultured mammalian cells, Nature 411 (2001) 494–498.

[16] Y. Dorsett, T. Tuschl, siRNAs: applications in functional genomics
and potential as therapeutics, Nat. Rev. Drug Discov. 3 (2004) 318–
329.

[17] D. Siolas, C. Lerner, J. Burchard, W. Ge, P.S. Linsley, P.J. Paddison,
G.J. Hannon, M.A. Cleary, Synthetic shRNA as potent RNAi
triggers, Nat. Biotechnol. 23 (2005) 227–231.

[18] T.R. Brummelkamp, R. Bernards, R.A. Agami, system for stable
expression of short interfering RNAs in mammalian cells, Science 296
(2002) 550–553.

[19] G. Sui, C. Soohoo, E.B. Affar, F. Gay, Y. Shi, W.C. Forrester, Y. Shi,
A DNA vector-based RNAi technology to suppress gene expression
in mammalian cells, Proc. Natl. Acad. Sci. USA 99 (2002) 5515–5520.

http://dx.doi.org/10.1016/j.bbrc.2006.05.164
http://dx.doi.org/10.1016/j.bbrc.2006.05.164


720 C.-F. Hung et al. / Biochemical and Biophysical Research Communications 346 (2006) 707–720
[20] P.J. Paddison, A.A. Caudy, E. Bernstein, G.J. Hannon, D.S. Conklin,
Short hairpin RNAs (shRNAs) induce sequence-specific silencing in
mammalian cells, Genes Dev. 16 (2002) 948–958.

[21] C.P. Paul, P.D. Good, I. Winer, D.R. Engelke, Effective expression of
small interfering RNA in human cells, Nat. Biotechnol. 20 (2002)
505–508.

[22] N.S. Lee, T. Dohjima, G. Bauer, H. Li, M.J. Li, A. Ehsani, P.
Salvaterra, J. Rossi, Expression of small interfering RNAs targeted
against HIV-1 rev transcripts in human cells, Nat. Biotechnol. 20
(2002) 500–505.

[23] M. Miyagishi, K. Taira, U6 promoter-driven siRNAs with four
uridine 3 0 overhangs efficiently suppress targeted gene expression in
mammalian cells, Nat. Biotechnol. 20 (2002) 497–500.

[24] L. Zheng, J. Liu, S. Batalov, D. Zhou, A. Orth, S. Ding, P.G. Schultz,
An approach to genomewide screens of expressed small interfering
RNAs in mammalian cells, Proc. Natl. Acad. Sci. USA 101 (2004)
135–140.

[25] A. Reynolds, D. Leake, Q. Boese, S. Scaringe, W.S. Marshall, A.
Khvorova, Rational siRNA design for RNA interference, Nat.
Biotechnol. 22 (2004) 326–330.

[26] T. Holen, M. Amarzguioui, M.T. Wiiger, E. Babaie, H. Prydz,
Positional effects of short interfering RNAs targeting the human
coagulation trigger tissue factor, Nucleic Acids Res. 30 (2002) 1757–
1766.

[27] J. Harborth, S.M. Elbashir, K. Vandenburgh, H. Manninga, S.A.
Scaringe, K. Weber, T. Tuschl, Sequence, chemical, and structural
variation of small interfering RNAs and short hairpin RNAs and the
effect on mammalian gene silencing, Antisense Nucleic Acid Drug
Dev. 13 (2003) 83–105.

[28] R. Kretschmer-Kazemi Far, G. Sczakiel, The activity of siRNA in
mammalian cells is related to structural target accessibility: a
comparison with antisense oligonucleotides, Nucleic Acids Res. 31
(2003) 4417–4424.

[29] B.S.E. Heale, H.S. Soifer, C. Bowers, J.J. Rossi, siRNA target site
secondary structure predictions using local stable substructures,
Nucleic Acids Res. 33 (2005) e30.

[30] A. Khvorova, A. Reynolds, S.D. Jayasena, Functional siRNAs and
miRNAs exhibit strand bias, Cell 115 (2003) 209–216.

[31] D.S. Schwarz, G. Hutvagner, T. Du, Z. Xu, N. Aronin, P.D. Zamore,
Asymmetry in the assembly of the RNAi enzyme complex, Cell 115
(2003) 199–208.

[32] V. Mittal, Improving the efficiency of RNA interference in mammals,
Nat. Rev. Genet. 5 (2004) 355–365.

[33] K. Ui-Tei, Y. Naito, F. Takahashi, T. Haraguchi, H. Ohki-Hama-
zaki, A. Juni, R. Ueda, K. Saigo, Guidelines for the selection of
highly effective siRNA sequences for mammalian and chick RNA
interference, Nucleic Acids Res. 32 (2004) 936–948.

[34] R. Kumar, D.S. Conklin, V. Mittal, High-throughput selection of
effective RNAi probes for gene silencing, Genome Res. 13 (2003)
2333–2340.

[35] Q. Du, H. Thonberg, H.Y. Zhang, C. Wahlestedt, Z. Liang,
Validating siRNA using a reporter made from synthetic DNA
oligonucleotides, Biochem. Biophys. Res. Commun. 325 (2004) 243–
249.

[36] N. Smart, P.J. Scambler, P.R. Riley, A rapid and sensitive assay for
quantification of siRNA efficiency and specificity, Biol. Proced.
Online 7 (2005) 1–7.

[37] T.-L. Cheng, W.-W. Chang, I.-J. Su, M.-D. Lai, W. Huang, H.-Y.
Lei, W.-T. Chang, Therapeutic inhibition of hepatitis B virus surface
antigen expression by RNA interference, Biochem. Biophys. Res.
Commun. 336 (2005) 820–830.

[38] M.-T. Wu, R.-H. Wu, C.-F. Hung, T.-L. Cheng, W.-H. Tsai, W.-T.
Chang, Simple and efficient DNA vector-based RNAi systems in
mammalian cells, Biochem. Biophys. Res. Commun. 330 (2005) 53–59.

[39] S. Gupta, R.A. Schoer, J.E. Egan, G.J. Hannon, V. Mittal, Inducible,
reversible, and stable RNA interference in mammalian cells, Proc.
Natl. Acad. Sci. USA 101 (2004) 1927–1932.

[40] B. Wielockx, C. Libert, C. Wilson, Matrilysin (matrix metallopro-
teinase-7): a new promising drug target in cancer and inflammation?
Cytokine Growth Factor Rev. 15 (2004) 111–115.

[41] L.S. Young, A.B. Rickinson, Epstein–Barr virus: 40 years on, Nat.
Rev. Cancer 4 (2004) 757–768.

[42] J.L. Kenney, M.E. Guinness, T. Curiel, J. Lacy, Antisense to the
Epstein–Barr virus (EBV)-encoded latent membrane protein 1 (LMP-
1) suppresses LMP-1 and bcl-2 expression and promotes apoptosis in
EBV-immortalized B cells, Blood 92 (1998) 1721–1727.

[43] G. Kennedy, J. Komano, B. Sugden, Epstein–Barr virus provides a
survival factor to Burkitt’s lymphomas, Proc. Natl. Acad. Sci. USA
100 (2003) 14269–14274.

[44] I. Vivanco, C.L. Sawyers, The phosphatidylinositol 3-Kinase AKT
pathway in human cancer, Nat. Rev. Cancer 2 (2002) 489–501.

[45] B.T. Hennessy, D.L. Smith, P.T. Ram, Y. Lu, G.B. Mills, Exploiting
the PI3K/AKT pathway for cancer drug discovery, Nat. Rev. Drug
Discov. 4 (2005) 988–1004.

[46] G. Tiscornia, O. Singer, M. Ikawa, I.M. Verma, A general method for
gene knockdown in mice by using lentiviral vectors expressing small
interfering RNA, Proc. Natl. Acad. Sci. USA 100 (2003) 1844–1848.

[47] P.C. Joost Haasnoot, D. Cupac, B. Berkhout, Inhibition of virus
replication by RNA interference, J. Biomed. Sci. 10 (2003) 607–616.

[48] K. Saksela, Human viruses under attack by small inhibitory RNA,
Trends Microbiol. 11 (2003) 345–347.

[49] L. Gitlin, S. Karelsky, R. Andino, Short interfering RNA confers
intracellular antiviral immunity in human cells, Nature 418 (2002)
430–434.

[50] J.M. Jacque, K. Triques, M. Stevenson, Modulation of HIV-1
replication by RNA interference, Nature 418 (2002) 435–438.

[51] S.B. Kapadia, A. Brideau-Andersen, F.V. Chisari, Interference of
hepatitis C virus RNA replication by short interfering RNAs, Proc.
Natl. Acad. Sci. USA 100 (2003) 2014–2018.

[52] Q. Ge, M.T. McManus, T. Nguyen, C.H. Shen, P.A. Sharp, H.N.
Eisen, J. Chen, RNA interference of influenza virus production by
directly targeting mRNA for degradation and indirectly inhibiting all
viral RNA transcription, Proc. Natl. Acad. Sci. USA 100 (2003)
2718–2723.

[53] N.J. Caplen, Z. Zheng, B. Falgout, R.A. Morgan, Inhibition of viral
gene expression and replication in mosquito cells by dsRNA-triggered
RNA interference, Mol. Ther. 6 (2002) 243–251.

[54] A.P. McCaffrey, H. Nakai, K. Pandey, Z. Huang, F.H. Salazar, H.
Xu, S.F. Wieland, P.L. Marion, M.A. Kay, Inhibition of hepatitis B
virus in mice by RNA interference, Nat. Biotechnol. 21 (2003) 639–
644.

[55] A. Shlomai, Y. Shaul, Inhibition of hepatitis B virus expression and
replication by RNA interference, Hepatology 37 (2003) 764–770.

[56] T. Kuiken, R. Fouchier, G. Rimmelzwaan, A. Osterhaus, Emerging
viral infections in a rapidly changing world, Curr. Opin. Biotechnol.
14 (2003) 641–646.

[57] D.M. Morens, G.K. Folkers, A.S. Fauci, The challenge of emerging
and re-emerging infectious diseases, Nature 430 (2004) 242–249.


	A novel siRNA validation system for functional screening  and identification of effective RNAi probes in mammalian cells
	Materials and methods
	Results
	Strategy and experimental design for screening and identifying effective RNAi probes
	Construction of the reporter-based siRNA validation system including targeting reporter and triggering siRNA expression vectors
	Evaluation of the reporter-based siRNA validation system with well-analyzed siRNAs
	Application of this reporter-based siRNA validation system to identify effective siRNAs

	Discussion
	Acknowledgments
	Supplementary material
	References


