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useful for oral cancer gene therapy (Yanamoto et al., 2005). 

Tooth Development
siRNAs can also be used to investigate the roles of key genes 
involved in the development of tooth. By viral-mediated RNAi 
knockdown of homeo box, msh-like 1, or distal-less homeobox 
2 mRNAs in the dental mesenchyme, it is possible to reproduce 
the identical tooth phenotype seen in mice deficient for 
homeobox, msh-like 1, and distal-less homeobox 2 genes, 
respectively. It demonstrates that silencing of homeobox, 
msh-like 1 in the dental mesenchyme results in an arrest of 
tooth development at the bud stage, indicating a critical role 
for homeobox, msh-like 1 in tooth development (Song et al., 
2006).

In vitro RNAi in Oral Diseases
Some of the recent RNAi studies in vitro have shown that 
the siRNAs can be potentially used for the treatment of 
dental disorders such as ankylosis and periodontal diseases. 
Periodontal-ligament-associated protein-1 (PLAP-1)/asporin 
is involved in chondrogenesis, and its involvement in the 
pathogenesis of osteoarthritis has been proved (Yamada et 
al., 2001). Overexpression of asporin in mouse periodontal-
ligament-derived clone cells interfered with both naturally 
and bone morphogenetic protein-2-induced mineralization 
of the periodontal ligament cells. In contrast, knockdown 
of asporin transcript levels by RNAi enhanced bone 
morphogenetic protein-2-induced differentiation of periodontal 
ligament cells. These results suggest that asporin plays 
a specific role(s) in the periodontal ligament as a negative 
regulator of cytodifferentiation and mineralization, probably by 
regulating BMP-2 activity to prevent the periodontal ligament 
from developing non-physiological mineralization such as 
ankylosis (Yamada et al., 2007). Recently, Ye et al. (2006) 

used H413 epithelial cells derived from a human oral squamous 
cell carcinoma and ‘knocked down’ the CD24 protein by 
RNAi to cause about 90% reduction in the mRNA level. 
CD24 is a heavily glycosylated peptide molecule implicated 
in hematogenous metastasis of carcinomas (Schindelmann 
et al., 2002). This down-regulation of CD24 mRNA was 
associated with reduced E-cadherin expression and up-regulated 
expression of transcription factors such as snail, twist, and 
transforming growth factor-b3. Hence, it was concluded 
that CD24 could play an important role in modulating the 
expression of genes that regulate epithelial differentiation in the 
periodontium (Ye et al., 2006).

In vivo RNAi in the Regulation of Splice Variants
The abnormal regulation of splice variant expression of certain 
genes has been recognized as the reason for several genetic 
disorders in humans, including cancer (Fig. 2A) (Faustino 
and Cooper, 2003; Garcia-Blanco et al., 2004). The human 
growth hormone (hGH) gene contains 5 exons and 4 introns. 
Elimination of all 4 introns produces mRNA that encodes 
the full-length 22-kDa hGH protein. The exon-C-skipped 
mRNA encodes a 17.5-kDa protein that is linked to isolated 
hGH deficiency (IGHD) type II, an autosomal-dominant form 
of hGH deficiency (GHD) (Lee et al., 2000). Therapies that 
specifically target the 17.5-kDa isoform might be useful in 
persons with IGHD II (Fig.2B) (Monson, 2003). Certainly, 
RNAi has the potential to be an efficient alternative to current 
hGH replacement therapy, which has many side-effects, such as 
benign intracranial hypertension and insulin resistance (Ryther 
et al., 2004).

In vivo RNAi in Neurodegenerative Diseases/Disorders
Specific siRNA knockdown of mutant SOD 1 slows 
amyotrophic lateral sclerosis (ALS) in animal models (Wang 
et al., 2008). A recent study by Alnylam Pharmaceuticals, Inc. 
and collaborators from the University of Massachusetts Medical 
School and Massachusetts General Hospital demonstrated 
that chemically synthesized siRNAs targeting the gene 
responsible for Huntington’s disease provide a therapeutic 
benefit in an animal model of the human disease. The new pre-
clinical study showed that a single injection of a cholesterol-
conjugated-siRNA targeting huntingtin, the gene responsible 
for Huntington’s disease, resulted in improved symptoms of 
disease in an animal model. These improved effects included 
reduction in neuronal pathology and an improvement in motor 
behavior. The RNAi therapy reduced expression of mutant 
huntingtin in the brain and sustained a benefit in motor behavior 
for at least one week. In preliminary studies, the RNAi therapy 
was found to be well-tolerated in the brain after direct CNS 
administration (DiFiglia et al., 2007). 

In vivo RNAi in Acute and Chronic Inflammation
Sepsis and allergy are very important diseases affecting human 
beings (Vlasenko and Melendez, 2005; Melendez et al., 2007). 
Recently, we and our colleagues have shown that specific 
silencing of the mouse sphingosine kinase 1 isoform results in 
the amelioration of C5a-induced acute peritonitis (Pushparaj 
et al., 2008b) and allergic asthma (Lai et al., 2008) in mouse 
models of disease. 

miRNAs
miRNAs are a group of small non-coding RNA molecules 

Figure 2. RNAi-mediated knockdown of splicing isoforms. (A) Bcl-xL-
specific siRNA silences Bcl-xL protein and inhibits the proliferation of 
5-fluorouracil and tumor-necrosis-factor-related apoptosis-inducing 
ligand (TRAIL)-resistant cells. (B) RNAi-mediated silencing of human 
growth hormone (hGH) splice variant without exon 3.
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produced endogenously (Grishok et al., 2000). miRNAs can 
play important functions from C. elegans to higher vertebrates 
by base-pairing to mRNAs to regulate the expression of a 
specific gene (Pushparaj and Melendez, 2006; Hatfield and 
Ruohola-Baker, 2008). The number of miRNAs reported so 
far (the 2008 release of miRBase at the Sanger Institute) is in 
excess of 5300, several-fold as many as initial calculations, 
and thousands of predicted miRNAs are awaiting experimental 
confirmation. After the identification of several miRNAs in 
all sequenced genomes, one of the key questions remains the 
systematic identification of the targets and biological processes 
that are being regulated. 

miRNAs: BIOGENESIS  
AND MOLECULAR MECHANISMS
miRNAs are encoded in the genome and are transcribed by 
RNA polymerase II (pol II) as long precursor transcripts, 
which are known as primary miRNAs (pri-miRNAs) of several 
kilobases in length (Lee et al., 2004). Mature miRNAs are 
generated from pre-miRNAs by sequential processing steps 
(Fig.3A). The pri-miRNAs are initially recognized by the 
microprocessor complex in the nucleus, whose core components 
are the RNase-III enzyme Drosha and its binding partner 
DiGeorge critical region 8 protein (Denli et al., 2004; Gregory 
et al., 2004; Han et al., 2004; Landthaler et al., 2004). The 
microprocessor complex excises the stem–loop hairpin structure 
that contains the miRNA, a 60- to 80-nucleotide intermediate 
termed ‘precursor miRNA’ (pre-miRNA). The pre-miRNA 
is recognized by the nuclear export factor Exportin-5, which 
transports it to the cytoplasm (Yi et al., 2003; Bohnsack et al., 
2004; Lund et al., 2004). Pre-miRNAs are rapidly exported to 
the cytoplasm by the nuclear export factor exportin 5, which 
uses Ran-GTP as a co-factor (Yi et al., 2003; Bohnsack et al., 
2004; Lund et al., 2004). Further cytoplasmic processing by 
a second RNase III enzyme named Dicer performs a second 
cleavage to generate double-stranded 18- to 24-nucleotide-
long miRNA (Bernstein et al., 2001a; Grishok et al., 2001; 
Hutvagner et al., 2001; Ketting et al., 2001). One of these 
two strands—the guide strand—is incorporated in an ATP-
independent manner into the RNA-induced silencing complex, 
which includes as core components the Argonaute proteins 
(Ago1–4 in humans) (Kim, 2005). Only one strand of the 

miRNA duplex remains stably associated with RISC. This 
strand becomes the mature miRNA. The opposite strand, 
known as the passenger strand, is disposed of through two 
alternative mechanisms. When miRNAs are loaded into RISC 
containing Ago2, the only human Ago protein capable of 
cleaving target mRNAs, the passenger strand may be cleaved. 
Alternatively, RISC containing any Ago protein may remove 
the passenger strand via a bypass mechanism that does not 
require cleavage and likely involves duplex unwinding 
(Gregory et al., 2005; Matranga et al., 2005; Rand et al., 2005). 
The miRNA guides RISC to the target mRNA, which will 
then be subsequently cleaved or translationally silenced. The 

Figure 3. Biogenesis of miRNA. (A) The biogenesis of miRNA involves 
several enzymatic steps. Following transcription by RNA polymerase 
II (Pol II), capped and polyadenylated primary miRNA transcripts (pri-
miRNAs) are processed in the nucleus by the endonuclease Drosha 
into one or more pre-miRNAs (1). This pre-miRNA is exported from 
the nucleus to the cytoplasm and processed by another RNase enzyme 
called Dicer, which produces a transient 19- to 24-nucleotide duplex 
(2). The duplex is cleaved (3), and only one strand of the miRNA 
duplex (mature miRNA) is incorporated into the RISC (RNA-induced 
silencing complex), which retains only the single-stranded mature 
miRNA (4). This miRNA-programmed RISC negatively regulates the 
stability and/or translation of target mRNAs, depending on the degree 
of complementary sites between the miRNA and its target. (B) In the 
proposed model, amplification or overexpression of a miRNA that 
down-regulates a tumor suppressor or other important genes involved 
in differentiation might also contribute to tumor formation by stimulating 
proliferation, angiogenesis, and invasion. For example, amplifications 
of the oncogenic miRNAs, miR-17–92 cluster, miR-21, and miR-372 
have been clearly associated with tumor initiation and progression, 
whereas miRNAs that normally down-regulate an oncogene can act 
as a tumor suppressor gene when lost in a tumor. Any abnormalities in 
miRNA biogenesis might result in an abnormal expression of the target 
oncogene, which subsequently contributes to tumor formation. 
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degree of complementarity between an miRNA and its target 
determines the mechanism of binding and silencing.

miRNAs: Biological Significance
miRNAs have been shown to be involved in crucial biological 
processes, including development, differentiation, apoptosis, 
and proliferation (Bartel, 2004; Harfe, 2005). A current 
challenge is to elucidate the function of miRNAs in normal 
physiologic processes and in disease states. In addition to 
providing critical functions during normal development and 
cellular homeostasis, it has become more and more clear that 
abnormalities in miRNA activity contribute to human disease 
pathogenesis (Esau and Monia, 2007). 

miRNAs in Cancer and Inflammation
Several studies have recently indicated the potential role of 
miRNAs in cancer and suggest that aberrations in miRNAs 
may be important in tumor progression (McManus, 2003; 
Ambros, 2004). Recent studies also showed that amplification 
or overexpression of a miRNA that down-regulates a tumor 
suppressor or other important genes involved in differentiation 
might contribute also to tumor formation by stimulating 
proliferation, angiogenesis, and invasion (Fig. 3B). In addition, 
it was demonstrated that more than 50% of miRNA genes are 
located in fragile sites and cancer-associated genomic regions, 
suggesting that miRNAs may play a more important role in 
the pathogenesis of human cancers (Calin et al., 2004). The 
first proof that miRNAs are involved in cancer came from the 
finding that miR-15a and miR-16–1 are down-regulated or 
deleted in most persons with chronic lymphocytic leukemia 
(CLL) (Calin et al., 2002). The use of miRNA microarrays 
made possible large profiling studies in cancer patients, 
confirming that miRNAs are differentially expressed in normal 
and tumor samples (Calin and Croce, 2006a). Recent studies 
showed that several pro-inflammatory mediators can up-regulate 
miRNA expression, thereby finding a potential link between 
inflammation and cancer. Many studies now report a role for 
miRNA-155 (miR-155) in regulating T-cell-dependent antibody 
responses and in immune-cell function. miR-155 is generated 
from the non-coding transcript of the BIC gene. It is known to 
be expressed in human B-cell lymphomas, in activated mature 
and T-cells, and in activated macrophages and dendritic cells. 
bic/miR-155 shows overexpression in activated B- and T-cells 
(Eis et al., 2005), as well as in activated macrophages and 
dendritic cells (Taganov et al., 2006, 2007; O’Connell et al., 
2007, 2008). Overexpression of bic/miR-155 has been reported 
in B-cell lymphomas and solid tumors, suggesting that the locus 
may also be linked to cancer (Calin and Croce, 2006b).

miRNAs in Endocrine Disorders
Proof-of-concept studies have recently shown that miRNAs 
play an important role in endocrine function, and their 
differential expression may be responsible for aberrations in 
hormone regulation. The discovery of a pancreatic islet-specific 
miRNA, miR-375, which inhibits insulin secretion in mouse 
pancreatic cells, revealed a novel component of the insulin 
secretion system (Poy et al., 2004; 2007). miR-375 is thought 
to act by inhibiting the expression of myotrophin (also known 
as V-1), which induces the exocytosis of insulin granules 
(Poy et al., 2004). Another miRNA that has been shown to be 
associated with adipocyte differentiation is miR-143 (Esau et 
al., 2004). Since excess adiposity contributes to type 2 diabetes, 

hypertension, and coronary heart disease, new insights provided 
by the study of miRNAs in adipocyte biology could have a 
significant clinical impact.

miRNAs in Cardiovascular Development  
and Pathogenesis
The global role of miRNA function in the heart has been 
addressed by the conditional inhibition of miRNA maturation 
in the murine heart, and it has been found that miRNAs play 
an important role during its development (Zhao et al., 2007). 
miRNA expression profiling studies have shown that expression 
levels of specific miRNAs change in diseased human hearts, 
suggesting their role in cardiomyopathies (van Rooij et al., 2006). 
Moreover, in vivo studies on specific miRNAs have identified 
distinct roles for miRNAs both during heart development and 
under pathological conditions, including the regulation of key 
factors important for cardiogenesis, the hypertrophic growth 
response, and cardiac conductance (Xiao et al., 2007; Yang 
et al., 2007; Zhao et al., 2005, 2007). Recent technological 
developments in the areas of bead-based flow cytometry, single-
molecule detection, and massively parallel sequencing, coupled 
with the miRAGE approach, may help to launch a high-speed 
automatable process for miRNA profiling in the near future (J Lu 
et al., 2005; Neely et al., 2006; Service, 2006). 

DESIGN AND SYNTHESIS  
OF TARGET-SPECIFIC siRNAs

Designing of mRNA-specific siRNAs
The siRNA selection methods represent a critical first step that 
can have a significant impact on the downstream processes 
governing the efficiency and efficacy of the RNAi of a particular 
gene target (Elbashir et al., 2002). Several algorithms have been 
published, but they remain inefficient, obscure, or commercially 
restricted. Holen (2006) described an open-source JAVA program 
that is surprisingly efficient at predicting active siRNAs (Pearson 
correlation coefficient r = 0.52, n = 526 siRNAs). Furthermore, 
the version 1.0 sets the stage for further improvement of the free 
code by the open-source community (http://sourceforge.net) 
(Holen, 2006). There are many online algorithms available for 
proper siRNA design. We have listed various Web resources for 
the proper design of siRNAs (Table 1). 

Conventional siRNA Design
The conventional methods of siRNA design begin by the 
identification and proper selection of the coding sequence 
for regions that are free of translational or regulatory proteins 
(e.g., ~115 bases downstream of the start codon). The 
sequence motifs characterized by an AA (or NA) dinucleotide 
preceding about 20 base sequences with 35-75% G/C 
content are then chosen. The dinucleotide leader defines the 
sequence composition of the antisense 39 overhangs so that 
20-base duplexes targeting AA (N20) would have 39 termini 
of UU or dTdT. The subsequent anti-sense strand would be 
completely complementary to the target mRNA sequence. 
On an average, 65-75% of the siRNA duplexes designed by 
conventional methods cause 50- 65% gene silencing, but 
manifest variability in gene knockdown efficacy (Bernstein et 
al., 2001a). In many cases, less than 70% of gene knockdown 
may not be biologically or therapeutically significant. This, in 
turn, calls for additional techniques to sort out this lesser degree 
of gene-silencing ability by the conventionally designed siRNAs.
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Rational siRNA Design
When the conventional approach was applied to 22 genes of 
the insulin-signaling pathway, only 25% of the 120 siRNAs 
designed produced more than 80% of the gene silencing (Hsieh 
et al., 2004). In contrast, 48 of the 120 siRNAs designed 
based on the functional parameters using an algorithm yielded 
more than 80% gene-silencing capacity (Huang et al., 2004). 
The benefit of the method was found unexpectedly when the 
rationally designed siRNAs were pooled (Holen et al., 2002; 
Martinez et al., 2002). The unanticipated results provided 
by the rationally designed siRNA was that, on average, the 
efficacy required to silence a particular gene target was greater 
than that of conventionally designed siRNAs. Significant levels 
of silencing can be attained with sub-nanomolar concentrations 
both ex vivo and in vivo (Harborth et al., 2003).

FACTORS DETERMINING siRNA EFFICACY
Proof-of-concept experiments have precisely demonstrated 
that siRNA efficacy depends largely on multiple factors, 
such as the thermodynamic stability of the duplex at the 59 
antisense end, ability to form internal hairpins in the RISC 
complex (reduces the silencing ability), GC content, base 
preference for an adenosine, not a cytosine, at the 19th or 20th 
base position of the sense strand (required for the unwinding/
activation step in the RISC), and preferences for uridine 
at position 10 and adenosine at position 3 and any base at 
position 13 except guanosine (Khvorova et al., 2003). siRNAs 
have been shown to be more stable in mammalian cells and 
physiological fluids than antisense oligodeoxyribonucleic acids 
(AS-ODNs). However, differences in efficacy at different gene 
targets remain problematic for both siRNA- and AS-ODN-

based gene targeting (Lewis et al., 2002). There have been 
attempts to prolong the gene-silencing activity of siRNAs by 
introducing various chemical modifications that aim to increase 
the stability of the molecules while maintaining their gene-
silencing potency, such as 29-O-methylation (Chiu and Rana, 
2003). It is noteworthy that phosphorothioate modifications 
(replacement of one of the non-bridging oxygen atoms in the 
phosphodiester bond by sulfur), similar to those introduced in 
the AS-ODNs that are currently in clinical trials, appear to be 
compatible with siRNAs (Amarzguioui et al., 2003). Currently, 
companies such as Dharmacon RNAi technologies (Thermo 
Scientific) supply multiple siRNAs for silencing of target 
genes (www.dharmacon.com). It has been shown that single- or 
multiple-siRNA duplexes directed against a single as well as 
multiple target genes yielded more than 80% gene silencing, 
compared with the pooling of conventionally designed siRNAs 
(Reynolds et al., 2004). Recently, two independent research 
groups reported that relatively long double-stranded RNAs 
(25-30 bp in length) have significantly higher gene-silencing 
capability than the conventional 21-bp siRNAs. The enhanced 
efficacy of RNAi has been demonstrated with synthetic RNAs 
of 27 bp in length with blunt ends (Kim et al., 2005). It has 
been shown that dsRNAs of 29 bp with a hairpin loop structure 
significantly improved gene-silencing ability (Siolas et al., 
2005). The longer dsRNAs are 100-fold more potent than the 
conventional siRNAs, and the dsRNAs of 25-30 bp in length 
can be exploited for gene silencing in laboratory experiments 
and clinical therapeutics.

High-performance-purity (HPP)-grade siRNA Synthesis 
and Quality Control (QC)
High-purity, full-length siRNA increases the specificity and 

Table 1. Web Resources for Proper siRNA Design and their Designing Rules.

Developer	 Web Site ID 	 Designing Rules	 Critical Analysis

Ambion	 www.ambion.com/techlib/misc/siRNA_finder.html	 Tuschl (T)	 No score/rank, links with NCBI Blast
Dharmacon	 http://design.dharmacon.com/	 Reynolds (R) 	 Score/Rank; Automatically runs Blast
Clontech	 http://bioinfo2.clontech.com/rnaidesigner/	 T	 No score/rank; link to NCBI Blast
Deqor 	 http://cluster-1.mpi-cbg.de/Deqor/deqor.html	 Own algorithm 	 Score/Rank; runs Blast automatically
dsCheck	 http://alps3.gi.k.u-tokyo.ac.jp/~dscheck/main/index2.php 	 Own algorithm	 Not for humans and mice
EMBOSS	 http://inn.weizmann.ac.il/EMBOSS	 T	 Score/Rank; No Blast
GenScript	 www.genscript.com/ssl-bin/app/rnai	 T, R &Ui-Tei (UT)	 Score/Rank; with NCBI Blast
Hannon Lab	 http://katahdin.cshl.org:9331/siRNA/	 Own algorithm 	 No Score/Rank; No description of method
IDTDNA	 http://biotools.idtdna.com/rnai/	 T, Fire 	 No score; link to NCBI Blast
Interagon	 www.interagon.com/demo/ 	 Own algorithm 	 Perform Blast automatically (only mouse)
Invitrogen	 https://rnaidesigner.invitrogen.com/sirna/ 	 T or Proprietary 	 Rank No score; Automatically runs Blast
Jack Lin	 www.sinc.sunysb.edu/Stu/shilin/rnai.html	 T 	 Link to NCBI Blast; by overhang and %GC
OptiRNAi	 http://bioit.dbi.udel.edu/rnai/	 T	 Score/Rank; Link to Genome Blast
Promeg	 www.promega.com/siRNADesigner/program/ 	 Mixed 	 Score/Rank;Link to NCBI
Qiagen	 www.qiagen.com/Products/GeneSilencing/ 	 T	 Score/Rank; Link to NCBI; no control
SFold	 http://sfold.wadsworth.org/sirna.pl 	 R& T 	 No rank; No Blast
SiDE 20 	 http://side.bioinfo.ochoa.fib.es/	 Mixed 	 Built for high-throughput; Blast against Ensembl
siDirect	 http://design.rnai.jp/sidirect/ 	 UT	 Option for custom rules; No Score/Rank
siRNA wizard	 http://www.sirnawizard.com/design_advanced.php 	 Mixed rules 	 Gives top 10, Auto-Blast
siSearch	 http://sonnhammer.cgb.ki.se/siSearch/siSearch_1.6.html	 Mixed rules 	 Customizable, Various output formats; Blast
TROD	 http://websoft2.unige.ch/sciences/biologie/bicel/RNAi	 Own algorithm	 Score/Rank; unigene, Blast
Whitehead	 http://jura.wi.mit.edu/siRNAext/ 	 T & R 	 Blast of candidates; sorted by thermodynamics
Wistar	 http://hydra1.wistar.upenn.edu/Projects/siRNA	 R&Thermodymanics 	 No score; link to NCBI Blast
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efficiency of gene silencing. HPP siRNA can be synthesized by 
patented methods, such as TOM amidite chemistry (Pitsch and 
Weiss, 2001). The siRNAs synthesized are > 90% pure and can 
be used without further high-performance liquid chromatography 
or polyacrylamide gel electrophoresis purification (Pitsch et al., 
1999). The chemical synthesis of RNA is more difficult than 
that of DNA, because the 29 OH group of RNA nucleotides must 
be protected during synthesis. Additional steps in the synthesis 
process introduce 29-OH protecting groups into monomers and 
remove them once RNA is assembled. With TOM-protected 
monomers, high coupling efficiencies of > 99.5% are routinely 
achieved. The coupling efficiency and easy, clean de-protection 
allows RNA of up to 100 bases in length to be synthesized with 
the same quality and yield as for DNA. TOM chemistry is fully 
compatible with all available modifications, including fluorescent 
labels, sequence and terminus modifiers, backbone modifications, 
and unnatural nucleobases (Pitsch and Weiss, 2001; Pitsch et 
al., 2001). Qiagen (www.qiagen.com) has developed HPP-grade 
siRNA synthesis that combines high-throughput RNA synthesis 
and high-throughput purification. HPP-grade siRNA duplexes 
have excellent yields and a reproducible purity of > 90%. An 
integrated tracking system monitors siRNA production from the 
data entry of an mRNA target sequence to chemical synthesis in 

96-well plates, quality control (QC), 
and final processing and packaging. 
siRNA is synthesized in 96-well format 
and is purified by automated, high-
throughput HPP purification.

DELIVERY OF siRNAs
Several types of vectors for siRNA 
delivery have been developed, including 
viral vectors and non-viral vectors. 
Among them, non-viral vectors have 
the advantages of low toxicity, ease of 
synthesis, and low immune response 
(Zhang et al., 2007). Unlike plasmids, 
viral vectors have the advantage of 
delivering siRNAs to non-dividing 
cells such as neurons: They are the 
most commonly used carriers for gene 
transfer because of their high in vitro 
transfection efficiency. An advantage 
of lentiviral vectors, in comparison 
with adenovirus, is that they allow for 
the introduction of short RNAs into 
blood and bone marrow cells (Hannon 
and Rossi, 2004). Although expression 
vectors are widely used to induce short 
RNA-mediated RNAi in vitro and in 
vivo, it is anticipated that the toxicity 
of viral vectors will deter their use in 
humans (Reid et al., 2002; McCaffrey 
et al., 2003). There are still some 
major issues that need to be addressed 
before the gene-silencing approach 
with viral vectors proceeds to the clinic 
for treating patients (Azzouz, 2006). 
Recently, it has been shown that the 
lentivirus-mediated RNAi can be used 
to study gene function in mammalian 

tooth development (Song et al., 2006). Much research is currently 
focused on improving expression vectors, to diminish the side-
effects, and to enhance the delivery of siRNAs into specific target 
tissues. The simplest strategy relies on tet-operable polymerase 
III-promoted shRNAs and co-expression of the tetracycline 
regulatory protein, TetR. The construction of shRNA libraries 
has been discussed in detail (Bernards et al., 2006). Chang et 
al. (2006) have constructed first-generation shRNA libraries 
modeled after precursor miRNAs and second-generation libraries 
modeled after primary miRNA transcripts (the Hannon-Elledge 
libraries). These libraries were arrayed and sequence-verified, 
and cover a substantial portion of all known and predicted 
genes in the human and mouse genomes. Comparison of first- 
and second-generation libraries indicates that RNAi triggers 
that enter the RNAi pathway through a more natural route 
yield more effective silencing. These large-scale resources are 
functionally versatile, since they can be used in transient as well 
as stable studies, and for constitutive or inducible silencing. 
Library cassettes can be easily shuttled into vectors that contain 
different promoters and/or that provide different modes of viral 
delivery (Chang et al., 2006). Recently developed genome-wide 
shRNA- and miRNA-adapted short hairpin RNA (shRNAmir) 
libraries incorporate advances in shRNA design and molecular 

Figure 4. Schematic representation of non-viral in vivo transfecting agent-mediated transfer of siRNA 
duplex for functional genomics and therapeutics. The transfecting agents are useful for both local 
and systemic delivery of siRNA, since most of the siRNA-transfecting agent complexes are stable in 
vivo. Subsequently, for the evaluation of the in vivo efficacy and stability of siRNAs, Western blot/
RT-PCR/Q-PCR/flow-cytometry/non-invasive bio-imaging can be adopted. Based on the degree of 
knockdown, the specific siRNA sequence can be used to silence the specific disease-causing gene in 
various animal models of disease/disorder.
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‘barcodes’ to facilitate more complex RNAi screens and provide 
the opportunity to progress to more complex genetics in whole 
animals (Fewell and Schmitt, 2006). Various types of transfecting 
agents are used to deliver the siRNAs in vivo (Fig. 4). The non-
viral delivery system, such as atelocollagen for siRNA, which 
could be useful for functional screening of the genes in vitro 
and in vivo, will provide a foundation for further development 
of RNAi therapeutics (Beertsen et al., 1997; Minakuchi et 
al., 2004; Takeshita et al., 2005; Takeshita and Ochiya, 2006; 
Honma et al., 2007; Ochiya et al., 2007). Polymer particles 
and cationic liposomes, major varieties of non-viral vectors 
used for gene delivery, have been shown to be suitable for the 
delivery of siRNA (Zhang et al., 2007). Cationic liposomes 
bearing siRNAs have been intravenously injected into mice 
(Hannon and Rossi, 2004), and electroporation has been used 
to deliver siRNAs and shRNAs to post-implantation embryos 
and post-natal retinas (Reid et al., 2002; Sorensen et al., 2003; 
Hannon and Rossi, 2004). The lactosylated cationic liposome 
5 that contained the most lactose residues, shown to introduce 
the most siRNA into a human hepatoma cell line, inhibited 
replication of HCV replicons. In mice, the siRNA/lactosylated 
cationic liposome 5 complexes accumulated primarily in the 
liver, were widespread throughout the hepatic parenchymal cell, 
and specifically and dose-dependently reduced intra-hepatic 
HCV expression in transgenic mice without interferon response 
(Watanabe et al., 2007). The potential of apolipoprotein A-I 
(apo A-I) for the systemic delivery of nucleic acids to the liver 
has been demonstrated with real-time in vivo imaging (Kim 
et al., 2007). As a proof-of-concept experiment, synthetic 
siRNAs against HBV were formulated into complexes of apo 
A-I and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)/
cholesterol (DTC-Apo) and injected intravenously (i.v.) into 
a mouse model carrying replicating HBV. The administration 
of these nanoparticles can significantly reduce viral protein 
expression by receptor-mediated endocytosis. The advantages 
of the apo A-I-mediated siRNA delivery method are its liver 
specificity, its effectiveness at low doses (≤ 2 mg/kg) in only 
a single treatment, and its persistent antiviral effect up to 8 
days. A hydrophobically modified protein transduction domain, 
cholesteryl oligo-d-arginine (Chol-R9), stabilized and enhanced 
tumor regression efficacy of the VEGF-targeting siRNA. The 
non-covalent complexation of a synthetic siRNA with Chol-R9 
efficiently delivered siRNA in vitro. Moreover, in a mouse 
model bearing a subcutaneous tumor, the local administration 
of complexed VEGF-targeting siRNA, but not of scrambled 
siRNA, led to the regression of the tumor (Kim et al., 2006). 
Delivery of siRNAs relevant to lung diseases has been attempted 
through multiple routes and the use of various carriers in animal 
models (Thomas et al., 2007). However, the clinical success 
of siRNA-mediated interventions for any disease/disorder in 
humans critically depends upon the safety and efficacy of the 
delivery methods and agents. 

MAJOR CHALLENGES OF RNAi THERAPEUTICS
The major obstacle is the development of effective delivery 
systems for the direct delivery of siRNAs into target tissues. 
However, alternative approaches—such as electropulsation 
(Golzio et al., 2005; Escoffre et al., 2008; Golzio and Teissie, 
2008), antibody-mediated endocytosis (Song et al., 2005; 
Vornlocher, 2006), or repetitive administration of siRNA in 
lesser volume and speed—should be considered, instead of the 

lethal hydrodynamics-based transfection in vivo (Pushparaj 
et al., 2008b). Hence, the clinical utility of siRNAs and DNA 
therapeutics will depend, at least in part, on the development 
of safe and effective delivery systems which are pivotal 
for the advancement of future therapy for human diseases. 
Preliminary studies on RNAi with long dsRNA yielded only 
partial success in both in vitro and ex vivo studies (Zhao et al., 
2001).  Researchers later found that this was in fact due to the 
dsRNA-dependent activation of interferon production, which 
subsequently resulted in a global inhibition of translation and 
cell death (Baglioni, 1979; Minks et al., 1979). However, 
proof-of-concept studies later demonstrated that the cytotoxic 
interferon response can be bypassed by the introduction of 
chemically synthesized siRNAs that result in the targeted gene-
silencing phenomenon (Caplen et al., 2001). It has been made 
clear that the RNAi effect triggered by endogenous or exogenous 
siRNAs is transient and dose-dependent. However, there is little 
information on the regulation of RNAi. Various studies have 
shown that siRNA degradation generally peaks 36 to 48 hrs 
after introduction and begins to diminish at around 96 hrs. This 
can be prolonged with repeated siRNA delivery and obviously 
depends on the rate of target turnover (Pushparaj and Melendez, 
2006). Recently, Hong et al. (2005) tested the expression 
inhibition of the transgene of hepatitis B virus surface antigen 
by different amounts of siRNA in the presence or absence of a 
mouse orthologue of enhanced RNAi1 (eri-1). Dose-response 
analyses carried out in vitro and in vivo with Escherichia coli-
expressed and enzyme-digested siRNA (esiRNA) confirmed 
the dose-dependent effect. However, the results revealed an 
unexpected decrease in the inhibition effect that was associated 
with the introduction of a higher dose of esiHBVP, compared 
with a lower dose of esiHBVP (Hong et al., 2005). Moreover, 
we have recently shown that the amount of siRNA delivered is 
crucial, since using too little or too much siRNA minimizes the 
knockdown effect (Pushparaj et al., 2008b).

By targeting the promoter region of various genes, Li et al. 
(2006) identified several dsRNAs that induce gene transcription 
in a sequence-specific manner. This RNA-mediated process 
requires the Ago2 protein and is associated with histone changes 
linked to gene activation. Although the exact mechanism is 
unknown at present, the identification of RNA activation 
(RNAa) may still have significant therapeutic applications (Li et 
al., 2006). It was also proved that, like proteins, hormones, and 
small molecules, siRNAs interact at promoters and can trigger 
or suppress gene expression (Janowski et al., 2006, 2007). The 
use of RNAi is currently being proposed as a gene-specific 
approach for molecular medicine (Pushparaj and Melendez, 
2006; Manikandan et al., 2007). By the same principle, the 
specific activation of silenced tumor suppressor genes such as 
p21 or other common dysregulated genes, such as E-cadherin, 
by RNAa may further add to the growing therapeutic prospects 
for dsRNAs-based drugs in the treatment of cancer and other 
diseases (Check, 2007). Interestingly, RNAi typically silences 
genes for 5 to 7 days, but RNAa boosted gene activity for up 
to 13 days (Garber, 2006). How small dsRNAs could activate 
genes, especially for a very long period, has not been well-
characterized. This information also indicates a new obstacle 
for RNAi, in which siRNAs may undesirably stimulate the 
expression of off-target genes. Hence, it can be stated that both 
RNAa and RNAi constitutes the Yin and Yang of the RNAome 
in living organisms (Pushparaj et al., 2008a). 

 at TU Muenchen on July 16, 2013 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 

International and American Associations for Dental Research

http://jdr.sagepub.com/


1000	 Pushparaj et al.	 J Dent Res 87(11) 2008

RNAi AS NOVEL THERAPEUTICS –  
IS IT IMMINENT?
Over the past two decades, scientific and technical breakthroughs 
have significantly advanced the field of ribonucleic-acid-based 
therapeutics. The first siRNA, bevasiranib (Opko Health; 
formerly named Cand5 from Acuity Pharmaceuticals), has 
recently entered a key Phase III trial for the treatment of wet 
age-related macular degeneration (AMD). In a Phase II trial, 
bevasiranib was established to be safe and well-tolerated and 
showed benefits against several endpoints, including near 
vision and lesion size. However, the leader in the siRNA 
field is Alnylam Pharmaceuticals, and its most advanced drug 
candidate, ALN-RSV01, is in a Phase II trial for the treatment 
of respiratory syncytial virus infections. The trial will involve 
adult humans experimentally infected with respiratory syncytial 
virus. A Phase II trial in naturally infected persons is planned 
for 2008. Respiratory syncytial virus infection, the leading 
cause of pediatric hospitalization in the US and a prevalent 
infection in immune-compromised adults, currently does not 
have a viable treatment option. Alnylam also expects to file an 

investigational new drug application 
(IND) for either ALN-PCS01, for the 
treatment of hypercholesterolemia, 
or ALN-VSP01, for the treatment of 
liver cancers and potentially other 
solid tumors. This application would 
be particularly significant, since it 
would be the first time a systemically 
delivered siRNA is brought into 
clinical development. The list of 
siRNAs currently in clinical trials is 
shown in Table 2. Alnylam’s ALN-
RSV01 was tested in a Phase I 
human clinical trial, and the results 
were announced at the 18th Annual 
Drug Delivery to the Lungs meeting, 
held in Edinburgh, UK. Alnylam 
Pharmaceuticals, Inc. has announced 
that the European Patent Office 
has granted the previously allowed 
Tuschl II patent. The European 
patent (EP 1407044) broadly covers 
compositions, methods, and uses of 
siRNAs. In addition, the company 
announced that the German Patent 
Office has granted a new patent (DE 
10066235) in the Kreutzer-Limmer 
I patent series, broadly covering 
methods, uses, and medicaments for 
siRNAs with a length of 15 to 49 
nucleotide pairs expressed via vectors. 
PARI’s eFlow, an advanced electronic 
nebulizer, has been optimized and 
used to deliver the siRNAs. Polyplus-
transfection is developing several in 
vivo siRNA formulation solutions 
based on its lead compounds in vivo-
jetPEI and INTERFERin, as well as 
on an original RNA modification, 
sticky siRNA. Recently, Polyplus-
transfection has signed a collaboration 

agreement with Alnylam Pharmaceuticals to provide Alnylam 
with its RNAi therapeutic delivery solutions and share its 
expertise in formulation for siRNAs. 

Given the blockbuster potential of RNA-based therapeutics, 
some of the most strategically and financially significant deals 
between biotechnology and pharmaceutical companies in the 
past two years have been signed around the globe. Alnylam 
has entered into non-exclusive licensing agreements with 
Novartis and Roche—deals potentially worth US$700 million 
and $1 billion, respectively. Silence Therapeutics partnered 
with AstraZeneca ($400 million) to develop RNAi drugs for 
respiratory diseases. Isis licensed its pre-clinical antisense 
programs in diabetes, obesity, and metabolic disease to Bristol-
Myers Squibb ($192 million) and Ortho-McNeil/Johnson and 
Johnson ($460 million). Archemix, a leading aptamer company, 
has partnered with Elan ($360 million), Merck Serono, Pfizer, 
and Takeda. Also, Merck paid a 100% premium to acquire Sirna 
for $1.1 billion. These transactions generated tremendous value 
for pioneering biotechnology companies and their investors, and 
provided further validation of the potential of RNA-based drugs 
to become an important next generation class of medicine.

Table 2. siRNAs in Clinical Trials

Pharmaceutical			   Clinical Trial
Company	 Project and Strategy	 Disease/Disorder	 Status

Allergan	 AGN211745	 Wet age-related macular	 Phase II 
		     degeneration (AMD)
Alnylam	 ALN-RSV01	 Respiratory syncytial viral	 Phase II 
		     (RSV) infections
Opko Health	 Cand5/bevasiranib	 Wet AMD	 Phase III
Silence Therapeutics,	 RTP801i-14	 Wet AMD	 Phase II
  Quark Biotech, Pfizer	 AKIi-5	 Acute renal failure	 Phase I
	 CTPi-1	 Chronic obstructive	 Pre-clinical studies 
		     pulmonary disease
	 BT16	 Dyslipidemia	 Pre-clinical studies
	 AHLi-11	 Acute hearing loss	 Pre-clinical studies

Figure 5. The disease-causing genes in humans can be identified by molecular diagnosis, and the 
treatment testimonial could be formulated based on the expression analysis in an RNAi chip for specific 
genes using computational analysis in a typical clinical milieu.
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CONCLUSIONS
In this review, we have provided insights into the in vivo 
applications of RNAi and its huge untapped potential for treating 
various diseases, including oral diseases/disorders The advantages 
of efficient, economical knockdown offered by RNAi and the 
large amount of data it provides will ensure that it remains a 
technology of choice for functional genomics and drug discovery 
research. Recent advances in RNAi microarrays promise to 
increase the efficiency, economy, and ease of genome-wide 
RNAi screening, and these new approaches will be vital for 
the development of RNAi technology into a robust therapeutic 
approach (Fig. 5). Overcoming the systemic delivery obstacle 
remains one of the most crucial challenges on the road of bringing 
RNAi drugs to the market. Although there has been significant 
progress in this area to date, creating delivery solutions for RNAi 
therapeutics remains an important component in realization of 
the full potential of this promising technology. However, the 
molecular machinery of RNAome, involving both RNAi/RNAa, 
still needs to be characterized to answer the question of how the 
same enzymes of the RNAi pathway can sometimes switch genes 
off, and sometimes on. Hence, a thorough understanding of the 
molecular machinery of RNAa and RNAi is required before the 
RNAi/RNAa strategies can be adapted from bench to bedside. 

REFERENCES
Aagaard L, Rossi JJ (2007). RNAi therapeutics: principles, prospects and 

challenges. Adv Drug Deliv Rev 59:75-86.
Amarzguioui M, Holen T, Babaie E, Prydz H (2003). Tolerance for 

mutations and chemical modifications in a siRNA. Nucleic Acids Res 
31:589-595.

Ambros V (2004). The functions of animal microRNAs. Nature 431:350-
355.

Azzouz M (2006). Gene therapy for ALS: progress and prospects. Biochim 
Biophys Acta 1762:1122-1127.

Baglioni C (1979). Interferon-induced enzymatic activities and their role in 
the antriviral state. Cell 17:255-264.

Bartel DP (2004). MicroRNAs: genomics, biogenesis, mechanism, and 
function. Cell 116:281-297.

Beertsen W, McCulloch CA, Sodek J (1997). The periodontal ligament: a 
unique, multifunctional connective tissue. Periodontol 2000 13:20-40.

Bernards R, Brummelkamp TR, Beijersbergen RL (2006). shRNA libraries 
and their use in cancer genetics. Nat Methods 3:701-706.

Bernstein E, Caudy AA, Hammond SM, Hannon GJ (2001a). Role for 
a bidentate ribonuclease in the initiation step of RNA interference. 
Nature 409:363-366.

Bernstein E, Denli AM, Hannon GJ (2001b). The rest is silence. RNA 
7:1509-1521.

Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, et al. 
(2003). Dicer is essential for mouse development. Nat Genet 35:215-
217.

Bohnsack MT, Czaplinski K, Gorlich D (2004). Exportin 5 is a RanGTP-
dependent dsRNA-binding protein that mediates nuclear export of pre-
miRNAs. RNA 10:185-191.

Calin GA, Croce CM (2006a). MicroRNA-cancer connection: the beginning 
of a new tale. Cancer Res 66:7390-7394.

Calin GA, Croce CM (2006b). MicroRNA signatures in human cancers. Nat 
Rev Cancer 6:857-866.

Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, et al. (2002). 
Frequent deletions and down-regulation of micro-RNA genes miR15 
and miR16 at 13q14 in chronic lymphocytic leukemia. Proc Natl Acad 
Sci USA 99:15524-15529.

Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, Yendamuri S, et 
al. (2004). Human microRNA genes are frequently located at fragile 
sites and genomic regions involved in cancers. Proc Natl Acad Sci USA 
101:2999-3004.

Caplen NJ, Parrish S, Imani F, Fire A, Morgan RA (2001). Specific 

inhibition of gene expression by small double-stranded RNAs in 
invertebrate and vertebrate systems. Proc Natl Acad Sci USA 98:9742-
9747.

Chang K, Elledge SJ, Hannon GJ (2006). Lessons from nature: microRNA-
based shRNA libraries. Nat Methods 3:707-714.

Check E (2007). RNA interference: hitting the on switch. Nature 448:855-
858.

Chen YJ, Chang JT, Lee L, Wang HM, Liao CT, Chiu CC, et al. (2007). 
DSG3 is overexpressed in head neck cancer and is a potential molecular 
target for inhibition of oncogenesis. Oncogene 26:467-476.

Chiu YL, Rana TM (2003). siRNA function in RNAi: a chemical 
modification analysis. RNA 9:1034-1048.

Denli AM, Tops BB, Plasterk RH, Ketting RF, Hannon GJ (2004). 
Processing of primary microRNAs by the microprocessor complex. 
Nature 432:231-235.

DiFiglia M, Sena-Esteves M, Chase K, Sapp E, Pfister E, Sass M, et 
al. (2007). Therapeutic silencing of mutant huntingtin with siRNA 
attenuates striatal and cortical neuropathology and behavioral deficits. 
Proc Natl Acad Sci USA 104:17204-17209.

Eis PS, Tam W, Sun L, Chadburn A, Li Z, Gomez MF, et al. (2005). 
Accumulation of miR-155 and BIC RNA in human B cell lymphomas. 
Proc Natl Acad Sci USA 102:3627-3632.

Elbashir SM, Harborth J, Weber K, Tuschl T (2002). Analysis of gene 
function in somatic mammalian cells using small interfering RNAs. 
Methods 26:199-213.

Esau CC, Monia BP (2007). Therapeutic potential for microRNAs. Adv 
Drug Deliv Rev 59:101-114.

Esau C, Kang X, Peralta E, Hanson E, Marcusson EG, Ravichandran LV, et 
al. (2004). MicroRNA-143 regulates adipocyte differentiation. J Biol 
Chem 279:52361-52365.

Escoffre JM, Debin A, Reynes JP, Drocourt D, Tiraby G, Hellaudais L, et 
al. (2008). Long-lasting in vivo gene silencing by electrotransfer of 
shRNA expressing plasmid. Technol Cancer Res Treat 7:109-116.

Faustino NA, Cooper TA (2003). Pre-mRNA splicing and human disease. 
Genes Dev 17:419-437.

Fewell GD, Schmitt K (2006). Vector-based RNAi approaches for stable, 
inducible and genome-wide screens. Drug Discov Today 11:975-982.

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998). 
Potent and specific genetic interference by double-stranded RNA in 
Caenorhabditis elegans. Nature 391:806-811.

Garber K (2006). Genetics. Small RNAs reveal an activating side. Science 
314:741-742.

Garcia-Blanco MA, Baraniak AP, Lasda EL (2004). Alternative splicing in 
disease and therapy. Nat Biotechnol 22:535-546.

Golzio M, Teissie J (2008). Optical in vivo imaging of electrically mediated 
delivery of siRNA into muscle for gene function analysis. Methods Mol 
Biol 423:279-287.

Golzio M, Mazzolini L, Moller P, Rols MP, Teissie J (2005). Inhibition of 
gene expression in mice muscle by in vivo electrically mediated siRNA 
delivery. Gene Ther 12:246-251.

Gregory RI, Yan KP, Amuthan G, Chendrimada T, Doratotaj B, Cooch 
N, et al. (2004). The microprocessor complex mediates the genesis of 
microRNAs. Nature 432:235-240.

Gregory RI, Chendrimada TP, Cooch N, Shiekhattar R (2005). Human RISC 
couples microRNA biogenesis and posttranscriptional gene silencing. 
Cell 123:631-640.

Grishok A (2005). RNAi mechanisms in Caenorhabditis elegans. FEBS Lett 
579:5932-5939.

Grishok A, Tabara H, Mello CC (2000). Genetic requirements for 
inheritance of RNAi in C. elegans. Science 287:2494-2497.

Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, Ha I, et al. (2001). 
Genes and mechanisms related to RNA interference regulate expression 
of the small temporal RNAs that control C. elegans developmental 
timing. Cell 106:23-34.

Hammond SM, Bernstein E, Beach D, Hannon GJ (2000). An RNA-directed 
nuclease mediates post-transcriptional gene silencing in Drosophila 
cells. Nature 404:293-296.

Han J, Lee Y, Yeom KH, Kim YK, Jin H, Kim VN (2004). The Drosha-
DGCR8 complex in primary microRNA processing. Genes Dev 
18:3016-3027.

Hannon GJ, Rossi JJ (2004). Unlocking the potential of the human genome 

 at TU Muenchen on July 16, 2013 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 

International and American Associations for Dental Research

http://jdr.sagepub.com/


1002	 Pushparaj et al.	 J Dent Res 87(11) 2008

with RNA interference. Nature 431:371-378.
Harborth J, Elbashir SM, Vandenburgh K, Manninga H, Scaringe SA, Weber 

K, et al. (2003). 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 13:83-105.

Harfe BD (2005). MicroRNAs in vertebrate development. Curr Opin Genet 
Dev 15:410-415.

Hatfield S, Ruohola-Baker H (2008). microRNA and stem cell function. 
Cell Tissue Res 331:57-66.

Holen T (2006). Efficient prediction of siRNAs with siRNArules 1.0: an 
open-source JAVA approach to siRNA algorithms. RNA 12:1620-1625.

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

Hong J, Qian Z, Shen S, Min T, Tan C, Xu J, et al. (2005). High doses 
of siRNAs induce eri-1 and adar-1 gene expression and reduce the 
efficiency of RNA interference in the mouse. Biochem J 390(Pt 3):675-
679.

Honma K, Takeshita F, Ochiya T (2007). [Application of atelocollagen-
mediated siRNA delivery for RNAi therapies]. Yakugaku Zasshi 
127:807-812 [article in Japanese].

Hsieh AC, Bo R, Manola J, Vazquez F, Bare O, Khvorova A, et al. (2004). 
A library of siRNA duplexes targeting the phosphoinositide 3-kinase 
pathway: determinants of gene silencing for use in cell-based screens. 
Nucleic Acids Res 32:893-901.

Huang F, Khvorova A, Marshall W, Sorkin A (2004). Analysis of clathrin-
mediated endocytosis of epidermal growth factor receptor by RNA 
interference. J Biol Chem 279:16657-16661.

Hutvagner G, McLachlan J, Pasquinelli AE, Balint E, Tuschl T, Zamore PD 
(2001). A cellular function for the RNA-interference enzyme Dicer in 
the maturation of the let-7 small temporal RNA. Science 293:834-838.

Hutvagner G, Simard MJ, Mello CC, Zamore PD (2004). Sequence-specific 
inhibition of small RNA function. PLoS Biol 2(4):E98.

Janowski BA, Hu J, Corey DR (2006). Silencing gene expression by 
targeting chromosomal DNA with antigene peptide nucleic acids and 
duplex RNAs. Nat Protoc 1:436-443.

Janowski BA, Younger ST, Hardy DB, Ram R, Huffman KE, Corey DR 
(2007). Activating gene expression in mammalian cells with promoter-
targeted duplex RNAs. Nat Chem Biol 3:166-173.

Jod JY, Shi Y, Zhou YQ, Tian Y, Shen L, Liu Y, et al. (2007). [Experimental 
siCD44-targeted therapy of human nasopharyngeal carcinoma mediated 
by adenovirus]. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 29:626-630 
[article in Chinese].

Kenyon C (1988). The nematode Caenorhabditis elegans. Science 240:1448 
1453.

Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, Plasterk RH 
(2001). Dicer functions in RNA interference and in synthesis of small 
RNA involved in developmental timing in C. elegans. Genes Dev 
15:2654-2659.

Khvorova A, Reynolds A, Jayasena SD (2003). Functional siRNAs and 
miRNAs exhibit strand bias. Cell 115:209-216.

Kim DH, Behlke MA, Rose SD, Chang MS, Choi S, Rossi JJ (2005). 
Synthetic dsRNA Dicer substrates enhance RNAi potency and efficacy. 
Nat Biotechnol 23:222-226.

Kim SI, Shin D, Choi TH, Lee JC, Cheon GJ, Kim KY, et al. (2007). 
Systemic and specific delivery of small interfering RNAs to the liver 
mediated by apolipoprotein A-I. Mol Ther 15:1145-1152.

Kim VN (2005). Small RNAs: classification, biogenesis, and function. Mol 
Cells 19:1-15.

Kim WJ, Christensen LV, Jo S, Yockman JW, Jeong JH, Kim YH, et 
al. (2006). Cholesteryl oligoarginine delivering vascular endothelial 
growth factor siRNA effectively inhibits tumor growth in colon 
adenocarcinoma. Mol Ther 14:343-350.

Kudo Y, Kitajima S, Ogawa I, Kitagawa M, Miyauchi M, Takata T (2005a). 
Small interfering RNA targeting of S phase kinase-interacting protein 2 
inhibits cell growth of oral cancer cells by inhibiting p27 degradation. 
Mol Cancer Ther 4:471-476.

Kudo Y, Kitajima S, Ogawa I, Miyauchi M, Takata T (2005b). Down-
regulation of Cdk inhibitor p27 in oral squamous cell carcinoma. Oral 
Oncol 41:105-116.

Lai WQ, Goh HH, Bao Z, Wong WS, Melendez AJ, Leung BP (2008). 

The role of sphingosine kinase in a murine model of allergic asthma. J 
Immunol 180:4323-4329.

Landthaler M, Yalcin A, Tuschl T (2004). The human DiGeorge syndrome 
critical region gene 8 and its D. melanogaster homolog are required for 
miRNA biogenesis. Curr Biol 14:2162-2167.

Lee MS, Wajnrajch MP, Kim SS, Plotnick LP, Wang J, Gertner JM, et al. 
(2000). Autosomal dominant growth hormone (GH) deficiency type 
II: the Del32-71-GH deletion mutant suppresses secretion of wild-type 
GH. Endocrinology 141:883-890.

Lee Y, Kim M, Han J, Yeom KH, Lee S, Baek SH, et al. (2004). MicroRNA 
genes are transcribed by RNA polymerase II. EMBO J 23:4051-4060.

Lewis DL, Hagstrom JE, Loomis AG, Wolff JA, Herweijer H (2002). 
Efficient delivery of siRNA for inhibition of gene expression in 
postnatal mice. Nat Genet 32:107-108.

Li LC, Okino ST, Zhao H, Pookot D, Place RF, Urakami S, et al. (2006). 
Small dsRNAs induce transcriptional activation in human cells. Proc 
Natl Acad Sci USA 103:17337-17342.

Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, et al. 
(2005). MicroRNA expression profiles classify human cancers. Nature 
435:834-838.

Lu PY, Xie F, Woodle MC (2005). In vivo application of RNA interference: 
from functional genomics to therapeutics. Adv Genet 54:117-142.

Lund E, Guttinger S, Calado A, Dahlberg JE, Kutay U (2004). Nuclear 
export of microRNA precursors. Science 303:95-98.

Manikandan J, Pushparaj PN, Melendez AJ (2007). Protein i: interference at 
protein level by intrabodies. Front Biosci 12:1344-1352.

Martin SE, Caplen NJ (2007). Applications of RNA interference in 
mammalian systems. Annu Rev Genomics Hum Genet 8:81-108.

Martinez MA, Gutierrez A, Armand-Ugon M, Blanco J, Parera M, Gomez 
J, et al. (2002). Suppression of chemokine receptor expression by RNA 
interference allows for inhibition of HIV-1 replication. AIDS 16:2385-
2390.

Matranga C, Tomari Y, Shin C, Bartel DP, Zamore PD (2005). Passenger-
strand cleavage facilitates assembly of siRNA into Ago2-containing 
RNAi enzyme complexes. Cell 123:607-620.

McCaffrey AP, Nakai H, Pandey K, Huang Z, Salazar FH, Xu H, et al. 
(2003). Inhibition of hepatitis B virus in mice by RNA interference. Nat 
Biotechnol 21:639-644.

McManus MT (2003). MicroRNAs and cancer. Semin Cancer Biol 13:253-
258.

Melendez AJ, Harnett MM, Pushparaj PN, Wong WS, Tay HK, McSharry 
CP, et al. (2007). Inhibition of Fc epsilon RI-mediated mast cell 
responses by ES-62, a product of parasitic filarial nematodes. Nat Med 
13:1375-1381.

Minakuchi Y, Takeshita F, Kosaka N, Sasaki H, Yamamoto Y, Kouno M, 
et al. (2004). Atelocollagen-mediated synthetic small interfering RNA 
delivery for effective gene silencing in vitro and in vivo. Nucleic Acids 
Res 32:e109.

Minks MA, West DK, Benvin S, Baglioni C (1979). Structural requirements 
of double-stranded RNA for the activation of 29,59-oligo(A) polymerase 
and protein kinase of interferon-treated HeLa cells. J Biol Chem 
254:10180-10183.

Monson JP (2003). Long-term experience with GH replacement therapy: 
efficacy and safety. Eur J Endocrinol 148(Suppl 2):9-14.

Neely LA, Patel S, Garver J, Gallo M, Hackett M, McLaughlin S, et al. 
(2006). A single-molecule method for the quantitation of microRNA 
gene expression. Nat Methods 3:41-46.

Nykanen A, Haley B, Zamore PD (2001). ATP requirements and small 
interfering RNA structure in the RNA interference pathway. Cell 
107:309-321.

O’Connell RM, Taganov KD, Boldin MP, Cheng G, Baltimore D (2007). 
MicroRNA-155 is induced during the macrophage inflammatory 
response. Proc Natl Acad Sci USA 104:1604-1609.

O’Connell RM, Rao DS, Chaudhuri AA, Boldin MP, Taganov KD, Nicoll J, 
et al. (2008). Sustained expression of microRNA-155 in hematopoietic 
stem cells causes a myeloproliferative disorder. J Exp Med 205:585-594.

Ochiya TH, Honma K, Takeshita F, Nagahara S (2007). Atelocollagen-
mediated drug discovery technology. Expert Opin Drug Discov 2:159-
167.

Pitsch S, Weiss PA (2001). Chemical synthesis of RNA-sequences 
with 29-O-[(triisopropylsilyl)oxy]methyl-protected ribonucleoside 

 at TU Muenchen on July 16, 2013 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 

International and American Associations for Dental Research

http://jdr.sagepub.com/


J Dent Res 87(11) 2008	 In vivo Applications of siRNA, miRNA, and shRNA	 1003

phosphoramidites (=TOM-phosphoramidites) (Unit 3.9). In: Current 
protocols of nucleic acid chemistry. Beaucage S, editor. New York, 
NY: John Wiley & Sons, Inc. 

Pitsch S, Weiss PA, Wu X, Ackermann D, Honegger T (1999). Fast and 
reliable automated synthesis of RNA and partially 29-O-protected 
precursors (“caged RNA”) based on two novel, orthogonal 29-O- 
protecting groups. Helv Chim Acta 82:1753-1761.

Pitsch S, Weiss PA, Jenny L, Stutz A, Wu X (2001). Reliable chemical 
synthesis of oligoribonucleotides (RNA) with 29-O-[(triisopropylsilyl)
oxy]methyl (29-O-TOM) protected phosphoramidites. Helv Chim Acta 
84:3773-3795.

Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, Macdonald PE, 
et al. (2004). A pancreatic islet-specific microRNA regulates insulin 
secretion. Nature 432:226-230.

Poy MN, Spranger M, Stoffel M (2007). microRNAs and the regulation of 
glucose and lipid metabolism. Diabetes Obes Metab 9(Suppl 2):67-73.

Pushparaj PN, Melendez AJ (2006). Short interfering RNA (siRNA) as a 
novel therapeutic. Clin Exp Pharmacol Physiol 33:504-510.

Pushparaj PN, Aarthi JJ, Kumar SD, Manikandan J (2008a). RNAi and 
RNAa—the Yin and Yang of RNAome. Bioinformation 2:235-237.

Pushparaj PN, H’ng SC, Melendez AJ (2008b). Refining siRNA in vivo 
transfection: Silencing SPHK1reveals its key role in C5a-induced 
inflammation in vivo. Int J Biochem Cell Biol 40:1817-1825.

Rand TA, Petersen S, Du F, Wang X (2005). Argonaute2 cleaves the anti-
guide strand of siRNA during RISC activation. Cell 123:621-629.

Reid T, Warren R, Kirn D (2002). Intravascular adenoviral agents in cancer 
patients: lessons from clinical trials. Cancer Gene Ther 9:979-986.

Reynolds A, Leake D, Boese Q, Scaringe S, Marshall WS, Khvorova A 
(2004). Rational siRNA design for RNA interference. Nat Biotechnol 
22:326-330.

Ryther RC, Flynt AS, Harris BD, Phillips JA 3rd, Patton JG (2004). GH1 
splicing is regulated by multiple enhancers whose mutation produces a 
dominant-negative GH isoform that can be degraded by allele-specific 
small interfering RNA (siRNA). Endocrinology 145:2988-2996.

Schindelmann S, Windisch J, Grundmann R, Kreienberg R, Zeillinger R, 
Deissler H (2002). Expression profiling of mammary carcinoma cell 
lines: correlation of in vitro invasiveness with expression of CD24. 
Tumour Biol 23:139-145.

Service RF (2006). Gene sequencing. The race for the $1000 genome. 
Science 311:1544-1546.

Shi Y, Tian Y, Zhou YQ, Ju JY, Liu Y, Zhu LP (2007a). [Reduction of 
CD44 expression results in growth inhibition of human nasopharyngeal 
carcinoma cell CNE-2L2 in vitro]. Zhongguo Yi Xue Ke Xue Yuan Xue 
Bao 29:67-72 [article in Chinese].

Shi Y, Tian Y, Zhou YQ, Ju JY, Qu L, Chen SL, et al. (2007b). Inhibition 
of malignant activities of nasopharyngeal carcinoma cells with high 
expression of CD44 by siRNA. Oncol Rep 18:397-403.

Siolas D, Lerner C, Burchard J, Ge W, Linsley PS, Paddison PJ, et al. 
(2005). Synthetic shRNAs as potent RNAi triggers. Nat Biotechnol 
23:227-231.

Song E, Zhu P, Lee SK, Chowdhury D, Kussman S, Dykxhoorn DM, et al. 
(2005). Antibody mediated in vivo delivery of small interfering RNAs 
via cell-surface receptors. Nat Biotechnol 23:709-717.

Song Y, Zhang Z, Yu X, Yan M, Zhang X, Gu S, et al. (2006). Application 
of lentivirus-mediated RNAi in studying gene function in mammalian 
tooth development. Dev Dyn 235:1334-1344.

Sorensen DR, Leirdal M, Sioud M (2003). Gene silencing by systemic 
delivery of synthetic siRNAs in adult mice. J Mol Biol 327:761-766.

Tabara H, Yasuda J (2003). [Physiological and technological aspects of 
RNAi]. Tanpakushitsu Kakusan Koso 48(4 Suppl):469-479 [article in 
Japanese].

Tabara H, Yigit E, Siomi H, Mello CC (2002). The dsRNA binding protein 
RDE-4 interacts with RDE-1, DCR-1, and a DExH-box helicase to 
direct RNAi in C. elegans. Cell 109:861-871.

Taganov KD, Boldin MP, Chang KJ, Baltimore D (2006). NF-kappaB-
dependent induction of microRNA miR-146, an inhibitor targeted to 
signaling proteins of innate immune responses. Proc Natl Acad Sci 
USA 103:12481-12486.

Taganov KD, Boldin MP, Baltimore D (2007). MicroRNAs and immunity: 

tiny players in a big field. Immunity 26:133-137.
Takeshita F, Ochiya T (2006). Therapeutic potential of RNA interference 

against cancer. Cancer Sci 97:689-696.
Takeshita F, Minakuchi Y, Nagahara S, Honma K, Sasaki H, Hirai K, 

et al. (2005). Efficient delivery of small interfering RNA to bone-
metastatic tumors by using atelocollagen in vivo. Proc Natl Acad Sci 
USA 102:12177-12182.

Thomas M, Lu JJ, Chen J, Klibanov AM (2007). Non-viral siRNA delivery 
to the lung. Adv Drug Deliv Rev 59:124-133.

Timmons L, Tabara H, Mello CC, Fire AZ (2003). Inducible systemic RNA 
silencing in Caenorhabditis elegans. Mol Biol Cell 14:2972-2983.

van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, Gerard RD, 
et al. (2006). A signature pattern of stress-responsive microRNAs that 
can evoke cardiac hypertrophy and heart failure. Proc Natl Acad Sci 
USA 103:18255-18260.

Victor M, Bei Y, Gay F, Calvo D, Mello C, Shi Y (2002). HAT activity 
is essential for CBP-1-dependent transcription and differentiation in 
Caenorhabditis elegans. EMBO Rep 3:50-55.

Vlasenko LP, Melendez AJ (2005). A critical role for sphingosine kinase in 
anaphylatoxin-induced neutropenia, peritonitis, and cytokine production 
in vivo. J Immunol 174:6456-6461.

Vornlocher HP (2006). Antibody-directed cell-type-specific delivery of 
siRNA. Trends Mol Med 12:1-3.

Wang H, Ghosh A, Baigude H, Yang CS, Qiu L, Xia X, et al. (2008). 
Therapeutic gene silencing delivered by a chemically modified siRNA 
against mutant SOD1 slows ALS progression. J Biol Chem 283:15845-
15852.

Wang J, Barr MM (2005). RNA interference in Caenorhabditis elegans. 
Methods Enzymol 392:36-55.

Watanabe T, Umehara T, Yasui F, Nakagawa SI, Yano J, Ohgi T, et al. 
(2007). Liver target delivery of small interfering RNA to the HCV gene 
by lactosylated cationic liposome. J Hepatol 47:744-750.

Xiao J, Luo X, Lin H, Zhang Y, Lu Y, Wang N, et al. (2007). MicroRNA 
miR-133 represses HERG K+ channel expression contributing to QT 
prolongation in diabetic hearts. J Biol Chem 282:12363-12367.

Xie FY, Woodle MC, Lu PY (2006). Harnessing in vivo siRNA delivery 
for drug discovery and therapeutic development. Drug Discov Today 
11:67-73.

Yamada S, Murakami S, Matoba R, Ozawa Y, Yokokoji T, Nakahira Y, 
et al. (2001). Expression profile of active genes in human periodontal 
ligament and isolation of PLAP-1, a novel SLRP family gene. Gene 
275:279-286.

Yamada S, Tomoeda M, Ozawa Y, Yoneda S, Terashima Y, Ikezawa K, et 
al. (2007). PLAP-1/asporin, a novel negative regulator of periodontal 
ligament mineralization. J Biol Chem 282:23070-23080.

Yanamoto S, Iwamoto T, Kawasaki G, Yoshitomi I, Baba N, Mizuno A 
(2005). Silencing of the p53R2 gene by RNA interference inhibits 
growth and enhances 5-fluorouracil sensitivity of oral cancer cells. 
Cancer Lett 223:67-76.

Yang B, Lin H, Xiao J, Lu Y, Luo X, Li B, et al. (2007). The muscle-
specific microRNA miR-1 regulates cardiac arrhythmogenic potential 
by targeting GJA1 and KCNJ2. Nat Med 13:486-491.

Ye P, Nadkarni MA, Hunter N (2006). Regulation of E-cadherin and TGF-
beta3 expression by CD24 in cultured oral epithelial cells. Biochem 
Biophys Res Commun 349:229-235.

Yi R, Qin Y, Macara IG, Cullen BR (2003). Exportin-5 mediates the nuclear 
export of pre-microRNAs and short hairpin RNAs. Genes Dev 17:3011-
3016.

Zhang S, Zhao B, Jiang H, Wang B, Ma B (2007). Cationic lipids and 
polymers mediated vectors for delivery of siRNA. J Control Release 
123:1-10.

Zhao Z, Cao Y, Li M, Meng A (2001). Double-stranded RNA injection 
produces non-specific defects in zebrafish. Dev Biol 229:215-223.

Zhao Y, Samal E, Srivastava D (2005). Serum response factor regulates a 
muscle-specific microRNA that targets Hand2 during cardiogenesis. 
Nature 436:214-220.

Zhao Y, Ransom JF, Li A, Vedantham V, von Drehle M, Muth AN, et al. 
(2007). Dysregulation of cardiogenesis, cardiac conduction, and cell 
cycle in mice lacking miRNA-1-2. Cell 129:303-317.

 at TU Muenchen on July 16, 2013 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 

International and American Associations for Dental Research

http://jdr.sagepub.com/

