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Abstract: RNA interference (RNAi) is a recently discovered technique for the di-
rected inhibition of gene expression at the level of the mRNA. Its specificity and 
potency make it a promising method for manipulating cellular phenotypes in eu-
karyotic cell lines and primary cells. RNAi is already being explored for therapeu-
tic and bioprocessing applications, and it is expected that this will only expand as 
understanding of the mechanism increases. In this chapter, the mechanism of 
RNAi is described, followed by a description of some of the technical challenges 
that remain to realize the full benefits of RNAi. The progress to date on RNAi-
based applications will also be detailed. 

1. INTRODUCTION 

A variety of methods are available to manipulate cellular function to achieve a de-
sired response or phenotype. These include gross methods such as manipulation of 
the culture media, the adhesion matrix, or other factors in the extracellular envi-
ronment. Those of greater interest, and, hence, those that are more frequently ap-
plied, are highly-tunable techniques for specific manipulation of cells, in particular 
at the level of gene expression. For upregulation of gene expression, transient or 
stable plasmid transfection or viral transduction are now standard tools for eu-
karyotic and prokaryotic expression manipulation (Chen et al., 2003). Fine control 
of the expression of the gene inserted by these techniques is now a relatively easy 
task through the use of promoter engineering (Alper et al., 2005). In prokaryotes, 
a recently discovered gene expression control modality, riboswitches (Mandal and 
Breaker, 2004), which alter gene expression in response to changes in metabolite 
concentrations, function in both the upregulation and downregulation of gene ex-
pression (Cheah et al., 2007). Combinations of these high affinity ligand binding 
riboswitches have been used to perturb specific metabolic pathways (Liao, 2004). 

Technologies for downregulation of byproduct/undesired pathways, such as 
antisense oligonucleotides (Walton et al., 2000) and knockouts (Gallitaliadoros et 
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al., 1995), have been used in metabolic engineering for manipulating gene func-
tions and targeting metabolic pathways since the early 1990s (Warner, 1999). An-
tisense oligonucleotides showed significant promise for highly-specific downregu-
lation of mRNA levels of target genes through activation of RNase H (Walton et 
al., 2000). However, the relatively high concentrations of antisense oligonucleo-
tides required to achieve the desired effect were often a challenge, in particular for 
in vivo applications, due to immunogenicity of natural and chemically-modified 
oligonucleotides (Crooke, 2004). Nonetheless, transient gene expression control 
on established cell lines provided a powerful tool for the engineering of cell func-
tion. 

While searching for the mechanism of antisense RNA regulation of gene ex-
pression in Caenorhabditis elegans, it was determined that double-stranded RNA 
(dsRNA) was far more active in inhibiting gene expression than the antisense sin-
gle-stranded RNA (ssRNA) (Fire et al., 1998). This dsRNA regulatory mechanism 
was coined RNA interference (RNAi), and it has since become a widespread tool 
for manipulation of cellular function for metabolic engineering, protein expression 
control, and therapeutic applications (Kim et al., 2007). This pathway, which is 
functional only in eukaryotes, is hypothesized to have arisen as a means to defend 
the host organism against viral infection and other events that result in alteration 
of the host genome. Given the extraordinary specificity of RNAi, one of its earli-
est applications has been in functional genomics. Phenotypic profiles for individ-
ual knockdowns of 98 % of the predicted genes in C. elegans were characterized 
using RNAi (Kamath et al., 2003; Sonnichsen et al., 2005). The specificity of 
RNAi is perhaps best demonstrated by the effective and specific silencing of mu-
tant mRNAs that differ at only a single nucleotide from the wild-type alleles, such 
as in amyotrophic lateral sclerosis and Huntington's disease (Maxwell et al., 2004; 
Schwarz et al., 2006). Continued expansion of the use of RNAi as both a research 
and therapeutic tool will depend on enhanced understanding of the mechanistic 
details of the process and solving critical challenges that even now impact the 
straightforward application of RNAi. 

2. MECHANISM OF RNAi 

RNAi was first characterized in C. elegans after dsRNAs were observed to silence 
the expression of a gene containing a sequence complementary to one strand of 
the dsRNA (Fire et al., 1998). It was shown that exogenously introduced 80-100 
base pair (bp) dsRNAs triggered RNAi and silenced the gene of interest with the 
effect being potent enough to pass from mother to daughter cells (Hammond et al., 
2001; Hannon, 2002). In the cytoplasm, these long dsRNAs are then cleaved by 
the RNase III family enzyme Dicer (Bernstein et al., 2001) to yield ~21-mer short 
interfering RNAs (siRNAs) with 5' phosphates and 3' dinucleotide overhangs 
(Carmell et al., 2002; Elbashir et al., 2001b) (Figure 1). After cleavage by Dicer, 
additional proteins are recruited to the siRNAs to form the RNA-induced silencing 
complex (RISC) and its predecessor, the RISC loading complex (RLC). In hu-
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mans, the proteins required to assemble the minimal forms of the RLC and RISC 
are Dicer, TAR RNA Binding Protein (TRBP), and Argonaute 2 (Ago2) (MacRae 
et al., 2008). After assembly of the complex, RISC becomes activated when Ago2 
cleaves the passenger (non-targeting) strand of the siRNA (Figure 1), leaving the 
remaining strand to function as a guide to the complementary target mRNA. Ac-
tive RISC then binds to the target by hybridization between the guide strand and 
the mRNA allowing Ago2 to cleave the mRNA 11 nt from the 5'-end of the guide 
strand (Elbashir et al., 2001a), resulting in inhibition of gene expression. 

In parallel to characterizing the initiation of RNAi by exogenous dsRNAs, it 
was shown that RNAi is a constitutive pathway in eukaryotes, activated by 
endogenously-expressed small RNAs, termed micro RNAs (miRNAs) (Bartel, 
2004). miRNAs are expressed as hairpin transcripts that are processed by the 
RNases Drosha and then Dicer to their final form (Lee et al., 2003), which is es-
sentially identical to an siRNA. Unlike siRNAs, natural miRNAs do not exhibit 
perfect complementarity between the two miRNA strands or between the guide 
strand and the target mRNA (Bartel, 2004). Nonetheless, miRNAs are thought to 
regulate at least one-third of mRNAs expressed in humans, being involved in cel-
lular processes such as proliferation, metabolism, and differentiation (Bartel, 
2004; Cui et al., 2007). The final step in each pathway represents the major differ-
ence between siRNA-mediated and miRNA-mediated expression control. At this 
step, miRNA-guided RISC does not cleave the target but rather remains bound to 
the target to inhibit translation by a steric mechanism (Bartel, 2004). Moreover, 
humans have eight Argonaute family proteins, of which Ago2 is the only member 
capable of guide strand directed mRNA cleavage (Liu et al., 2004), with others 
involved in miRNA-mediated RNAi (Carmell et al., 2002). Exogenous siRNAs, 
then, take advantage of the presence of the components for the constitutively-
active, endogenous miRNA pathway. The remainder of this chapter will focus on 
siRNA-mediated RNAi (Figure 2), as this is the primary mode for exogenous ma-
nipulation of cell function currently in use. 

3. CURRENT CHALLENGES FOR RNAi 
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Figure 1: Structure of an siRNA. siRNAs have 19 base pairs in their core 
with 2 nt overhangs at each 3'-end, making each strand 21 nt in length. If not 
already phosphorylated, the 5'-ends are phosphorylated upon entry into the 
cell cytoplasm. 
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For readily accessible cells, such as in culture, the current mechanistic understand-
ing of the RNAi pathway underscores that silencing cannot occur without: i) ac-
cess of the siRNAs to the cytoplasm, ii) 
binding of siRNAs by RNAi pathway 
proteins, iii) selection of the appropriate 
strand to guide RISC cleavage, and iv) 
binding of active RISC to the intended 
target mRNA (Figure 2). To design the 
most active siRNAs, it would be neces-
sary to optimize each of these processes, 
with these optimization choices often be-
ing incompatible. Yet, even these are only 
a subset of the design choices that must 
be made when using RNAi. 

The selection of a target gene is typi-
cally the first design decision in an RNAi 
application. Subsequently, the choice of 
an siRNA sequence to target the intended 
gene also impacts the incidence of other 
secondary effects such as off-target si-
lencing and the stimulation of immune re-
sponses. Moreover, for in vivo applica-
tions particularly, successful delivery of 
the designed siRNAs to the intended cells 
or tissues prior to degradation or renal 
clearance is critical. Together, siRNA de-
sign and delivery are the two most sig-
nificant current challenges to the effective 
and widespread application of RNAi. It is 
therefore essential to analyze these proc-
esses using quantitative and mechanistic 
approaches to supplement cell engineer-
ing efforts that rely on this endogenous 
pathway. 

3.1 siRNA Sequence Design 

siRNAs possess unique structural characteristics that are essential for their silenc-
ing activity and yet are independent of their sequence. siRNAs are ~21 nt long, 
with 2 nt overhangs on either 3'-end (Figure 1) (Bernstein et al., 2001). Overhangs 
of this kind are characteristic of RNase III cleavage of a dsRNA, in this case by 
Dicer. When cleaved by Dicer from a long dsRNA template, siRNAs always pos-
sess phosphates on the 5'-ends. In contrast, chemically-synthesized siRNAs typi-
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Figure 2: siRNA-mediated RNAi 
pathway. Key steps in the process 
include: access of the siRNA to 
the cytoplasm (1), binding of the 
siRNA to proteins to form the 
RLC and RISC (2), removal of the 
passenger strand leaving only the 
proper strand to guide RISC (3), 
and hybridization to the target re-
gion on the mRNA (4). 
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cally have hydroxyl groups in these positions, which would limit their activity in 
RNAi (Weitzer and Martinez, 2007). However, when exogenous siRNAs are de-
livered to cells, if either 5'-end lacks a phosphate, one is added by the kinase Clp 
in the cytoplasm (Weitzer and Martinez, 2007). These defining characteristics, 
length, overhang structure, and 5'-phosphorylation, are significant for incorpora-
tion of the siRNA into RISC, although the exact contributions of each of the fac-
tors remain unknown. That notwithstanding, knowledge of the general structural 
requirements of siRNAs allows direct chemical synthesis of active agents whose 
activities differ only due to changes in their sequence and, by extension, their tar-
get location on the mRNA. 

Early sequence design was not based on understanding of the silencing 
mechanism and instead relied more on empirical rules. When it was determined 
that exogenous, chemically-synthesized siRNAs could initiate RNAi (Elbashir et 
al., 2001b), sequence-based rules were established to maximize the efficiency of 
siRNA synthesis, including elimination of candidate sequences based on excessive 
GC content and stretches of greater than four consecutive identical bases (e.g., 
GGGG) (Elbashir et al., 2002). Other positional base preferences (e.g., an A at po-
sition 19 of the sense strand) have been correlated from large data sets (Jagla et 
al., 2005; Khvorova et al., 2003; Reynolds et al., 2004; Ui-Tei et al., 2004). These 
preferences have been the foundation for elaborate computational algorithms that 
use ten or more parameters to identify candidate siRNAs (Akinc et al., 2005; Al-
len et al., 2008; Bennasser et al., 2006; Shah et al., 2007). 

Subsequent identification of additional mechanistic requirements has led to 
other design rules. One example is derived from analysis of the relative stability of 
hybridization at one end (~5 bp) of the siRNA duplex relative to the other. Na-
ïvely, it would appear that either strand of the siRNA may be incorporated into ac-
tive RISC with approximately equal probability. Half of the activated RISCs 
would then target the complementary sequence of the guide strand on the intended 
mRNA while the other half would target any mRNAs with sequences complemen-
tary to the passenger strand. Though the likelihood of there being naturally occur-
ring, perfectly complementary targets for both the guide and passenger strands is 
quite small, even partial complementarity between an mRNA and the passenger 
strand can lead to some silencing of transcripts other than the target, often called 
off-target silencing (Jackson and Linsley, 2004; Svoboda, 2007). Even if no sig-
nificant off-target silencing occurs, loading of RISCs with the passenger strand in-
creases the concentration of siRNA required for effective silencing by occupying 
RISCs that would otherwise contain the guide strand and be active against the in-
tended target (Matranga et al., 2005). Active siRNAs, often defined as those that 
reduce the expression of the target gene by at least 75% at a concentration of ≤ 30 
nM for cell culture experiments, tend to exhibit a bias in their internal stability that 
leads to the strand whose 5'-end is less stably hybridized within the siRNA duplex 
becoming preferentially incorporated into active RISC (Khvorova et al., 2003; 
Schwarz et al., 2003; Tomari et al., 2004). This effect is typically referred to as 
siRNA duplex asymmetry. The result is that a higher proportion of active RISCs 
contain the guide strand (for the desired target), leading to more active target si-
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lencing at any siRNA concentration. Many of the positional base preferences iden-
tified as being useful for selecting active siRNAs tend to yield the desired differ-
ential stability between the two ends (Jagla et al., 2005; Reynolds et al., 2004; Ui-
Tei et al., 2004). 

Until recently, siRNA selection guidelines have not included the possible im-
pact of the mRNA sequence and structure on silencing efficiency. siRNAs can be 
equally effective when targeting inside the coding region of the mRNA or in the 
5'- and 3'- untranslated regions (e.g., (Yoshinari et al., 2004)). Whereas siRNA se-
quences are only ~21 nt long and are double-stranded most of the time, single-
stranded mRNAs can be several 1000 nt long and therefore tend to possess sig-
nificant intramolecular base-pairing, termed secondary structure. This in-
tramolecular secondary structure can impair the ability of RISC to form intermo-
lecular interactions with its target mRNA (Ameres et al., 2007; Bohula et al., 
2003; Brown et al., 2005; Far and Sczakiel, 2003; Gredell et al., 2008; Overhoff et 
al., 2005; Schubert et al., 2005; Shao et al., 2007; Vickers et al., 2003; Westerhout 
and Berkhout, 2007). Other work has also recently shown that target accessibility 
is one of the most important factors in defining siRNA efficacy (Tafer et al., 
2008). Furthermore, it was shown that the guide strand of the siRNA can also 
form limited secondary structure, and that this effect can significantly impact the 
silencing efficiency of the siRNA (Patzel et al., 2005). Our computational analy-
ses on a large set of siRNAs supported this finding, suggesting that guide strand 
structure does indeed limit the interaction between the guide strand and the com-
plementary mRNA target site (Gredell et al., 2008). Results such as these are now 
being included in siRNA selection algorithms (Allen et al., 2008; Heale et al., 
2005; Shao et al., 2007), using programs that predict RNA secondary structure 
such as UNAfold (a newer version of mfold) (Markham and Zuker, 2008), Sfold 
(Ding et al., 2004), and the Vienna RNA package (Hofacker, 2003), that can be 
coupled with other sequence filtering algorithms. 

3.2 siRNA Structure Design 

With an active siRNA sequence identified, it is still necessary to design the siRNA 
construct to meet the demands of the application for which it is intended. This 
may be achieved through chemical and structural manipulations. For chemical 
modifications, all three functional units of each nucleotide, the phosphate back-
bone, the ribose sugar, and the nucleotide base, can be targeted for modification. 
However, to maintain the activity of the siRNA, these modifications must not ap-
preciably alter the A-form helical structure of the dsRNA as this is critical for rec-
ognition by the proteins of the RLC and RISC (Amarzguioui et al., 2003; Chiu 
and Rana, 2002; Haley and Zamore, 2004). It has generally been found that the 5'-
end of the guide strand should contain a free hydroxyl (which can be phosphory-
lated upon cell entry) or a phosphate group, and, therefore, this location cannot be 
otherwise modified (DeVincenzo et al., 2008). 
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One significant concern for siRNA design is off-target silencing, as alluded to 
above. It has been shown that off-target effects could be reduced by replacing the 
5'-hydroxyl on the passenger strand with a 5'-methoxyl modification (Chen et al., 
2008). This prevents phosphorylation and subsequent incorporation of the passen-
ger strand into active RISC. Thus, any active RISCs must contain unmodified 
guide strands and therefore will be directed only at the intended target mRNA. It 
was also shown that substituting DNA nucleotides everywhere in the 5'-third of 
the siRNA duplex, on both the guide and passenger strands, eliminated off-target 
effects without substantial reduction in siRNA activity (Ui-Tei et al., 2008). Pre-
sumably, RNA at the 3'-end of the guide strand is necessary for interactions with 
TRBP or Ago2, either for formation of a stable RLC and RISC or for stabilizing 
hybridization to the target mRNA; conversely, the DNA:RNA hybrid formed at 
the 3'-end of the passenger strand appears not to permit the interactions that are 
essential for RNAi. 

Other modifications can be made to the siRNA structure with the goal of in-
creasing the longevity and specificity of the siRNA in the cellular environment. 
These strategically placed modifications can improve resistance to RNases, en-
hance the biodistribution of the molecules in vivo, as well as facilitate cellular up-
take and localization (Corey, 2007). Phosphorothioate (PS) linkages are a particu-
larly common backbone modification that specifically enhances the resistance of 
the backbone to cleavage by RNases. Unfortunately, substantial PS modifications 
result in increased cytotoxicity (Corey, 2007). Boranophosphate (BO) linkages, 
while having been studied less frequently and being limited in scale by synthesis 
techniques, appear to offer similar benefits (Corey, 2007). An alternative is to 
modify the ribose sugar, specifically at the 2'-position, using bulky groups that in-
terfere with hydrolysis. Such groups include, but are certainly not limited to, 2'-
OCH3, 2'-F, and locked nucleic acids (LNA) (Corey, 2007; DeVincenzo et al., 
2008). In some cases, they can even enhance activity relative to unmodified se-
quences (Elmen et al., 2005). Other modifications that were originally devised to 
improve the biodistribution of antisense oligonucleotides, such as direct conjuga-
tion to cholesterol, receptor ligands, and transport peptides, can potentially be ap-
plied for siRNAs as well, provided they do not prevent recognition of the modified 
siRNA by RNAi proteins (recently reviewed in (de Fougerolles et al., 2007)). 

3.3 siRNA Delivery Methods 

While the improvement of algorithms that effectively identify highly functional 
siRNAs is a point of emphasis for in vitro applications of RNAi, the main limita-
tion for in vivo use, and consequently use in a human clinical setting, is delivery of 
siRNAs in sufficient concentrations to the tissues and cells of interest. In some 
lower organisms, such as worms, long dsRNAs can be eaten or absorbed, resulting 
in highly efficient dsRNA delivery to many tissues (Fire et al., 1998; Hannon, 
2002). However, in mammals, systemic administration of long dsRNAs results in 
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immune stimulation, and naked siRNAs (siRNA alone with no delivery agent) do 
not diffuse directly through cellular membranes in sufficient quantities to initiate 
RNAi in most tissues (de Fougerolles et al., 2007). This constraint on systemic 
siRNA administration is greatly compounded by the rapid degradation of siRNAs 
by nucleases (< 1hr half-life in serum), binding interactions between the siRNAs 
and blood components, and clearance by the kidneys (Zhang et al., 2007). Al-
though viral delivery methods have the ability to overcome these limitations by 
stable incorporation of silencing constructs into the genomes of infected cells, vi-
ral gene therapy methods still suffer from a number of safety issues that have 
caused multiple gene therapy clinical trials to be abandoned or curtailed (e.g., 
http://www.fda.gov/bbs/topics/NEWS/2007/NEW01672.html). Thus, much effort 
is being spent developing non-viral delivery methods for siRNAs for therapeutic 
and other applications. 

In some instances, cellular uptake can be forced through physical methods, 
including intravascular injection, ultrasound, electroporation, and gene guns 
(Wolff and Rozema, 2008). In other circumstances, delivery can be accomplished 
by aerosolizing the siRNA for administration to the lungs, or by application of 
siRNA in a topical cream for dermal delivery (de Fougerolles et al., 2007). The 
siRNAs currently in clinical trials are delivered either by injection into the eye (for 
age-related macular degeneration, AMD) or inhalation to the lungs (for respiratory 
syncytial virus, RSV) (Akinc et al., 2008). Unfortunately, these methods are not 
viable for delivery to deep tissues or solid tumors, targets of significant interest for 
siRNA therapeutics. As an alternative, both lipid and polymer based reagents are 
being pursued as delivery vehicles that can be administered systemically while re-
taining the potential for localized targeting. These approaches hold promise for de-
livery to even the most refractory of tissues, including transport through the blood-
brain-barrier for treatment of neurological diseases (Pardridge, 2007). 

Due to their phosphate backbone, all nucleic acids are highly negatively 
charged. Accordingly, delivery vehicles for siRNAs, plasmids, antisense oligonu-
cleotides, ribozymes, or aptamers typically utilize electrostatic interactions be-
tween the nucleic acid backbone and either cationic lipids (lipoplexes) or cationic 
polymers (polyplexes). Condensing the siRNA in the vehicle can be achieved 
electrostatically through simple mixing of the siRNA and vehicle in an aqueous 
buffer and allowing them to self-assemble or by more complex techniques such as 
spray drying (Takashima et al., 2007). The resulting complexes, which can range 
in size from ~50-300 nm, have been applied in vitro or in vivo. For several of the 
complexation strategies studied to date, the final complex charge tends to be 
slightly positive overall, which facilitates contact with the negative charge of the 
cellular membrane without causing substantial interactions with blood components 
that would lead to complement activation (Bartlett and Davis, 2007). For systemic 
delivery, while there is no universally optimal size, it is generally considered that 
complexes must be large enough to protect the siRNA from nuclease digestion and 
renal clearance (> 10nm) but also small enough (< 70-100nm) to allow access to 
cells such as hepatocytes through capillary circulation (Bartlett and Davis, 2007; 
Wolff and Rozema, 2008). After association with the extracellular membrane, the 
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complexes are then endocytosed (Zuhorn et al., 2007). The siRNAs must then es-
cape the endocytotic vesicles into the cytosol to initiate RNAi. 

The traditional structure of lipid-based delivery reagents is that of a fatty acid 
with a cationic head group and a non-polar hydrocarbon tail. Use of this type of 
transfection was first demonstrated using DOTMA with plasmids (Felgner et al., 
1987). Early RNAi transfection was performed using lipids developed for delivery 
of either plasmids or antisense oligonucleotides. Since the discovery of siRNA-
mediated RNAi, a variety of proprietary lipid formulations have been developed 
that are specifically designed for siRNA transfection to cultured cells, such as Li-
pofectamine RNAiMAX (Invitrogen) or siPORT NeoFX (Applied Biosystems - 
Ambion). These reagents can be very effective at delivering siRNAs to diverse 
cell lines, but, unfortunately, they can be toxic at concentrations only moderately 
higher than concentrations required for effective siRNA delivery; in vivo experi-
ments have also demonstrated similar toxicity concerns (Zhang et al., 2007). 
While generally not an issue for cultured cell applications, this small therapeutic 
window limits the prospects for use of these types of delivery agents for clinical 
applications. Recently, a combinatorial approach was used to test lipid-like com-
pounds termed “lipidoids” to deliver siRNAs, finding that a diverse subset caused 
extensive silencing in conditions ranging from cell culture to non-human primate 
animals (Akinc et al., 2008). In many cases, these molecules were also found to 
have acceptable toxicity profiles in vivo. These readily synthesized materials pro-
vide an alternative to traditional lipids, expand the set of available transfection re-
agents, and provide insight as to the physical and chemical characteristics neces-
sary for the most effective lipid vehicles. However, due to the relatively limited 
chemical and structural diversity in lipid and lipid-like vehicles, considerably 
more effort at creating in vivo delivery vehicles has been invested in using poly-
meric vehicles for nucleic acid delivery, in general, and for delivery of siRNAs, 
specifically. 

Polymeric vehicles have strong potential for siRNA delivery applications be-
cause they provide protection from nucleases and other serum components and fa-
cilitate endocytosis of the siRNA and its release into the cytosol. Of these, poly-
ethylenimine (PEI) is perhaps the most commonly used and well-studied (Kircheis 
et al., 2001). At physiologic pH, the amine groups of PEI are protonated, provid-
ing the positive charge necessary to condense the nucleic acid (Clamme et al., 
2003). Both linear PEI (LPEI) and branched PEI (BPEI) have shown encouraging 
results in silencing applications, with some molecular weights also demonstrating 
delivery of active siRNAs in vivo (Urban-Klein et al., 2005). In several instances, 
modifications, such as biomolecule addition (e.g., cholesterol, antibodies/peptides, 
or aptamers) or crosslinking have been made to minimize the toxicity associated 
with the larger molecular weight PEIs and to improve and target delivery (Swami 
et al., 2007). A particularly common modification is the addition of polyethylene 
glycol (PEG), which partially shields the charges on the polymer and siRNA, im-
proves membrane interactions, increases product release, and decreases toxicity 
(Wolff and Rozema, 2008). Interestingly, there appears to be an optimal amount 
and length of PEG per polymer, although the combinations studied have not led to 
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a consensus set of guidelines (Brus et al., 2004; Kunath et al., 2002; Mao et al., 
2006). 

Although PEI is perhaps the most commonly studied polymer, two other con-
siderably more complex systems have shown intriguing in vivo results. The first is 
called a “Dynamic PolyConjugate” (Rozema et al., 2003; Rozema et al., 2007; 
Wakefield et al., 2005). This vehicle contains multiple functional entities to ad-
dress delivery in a stepwise manner. In a manner akin to a multi-stage rocket, 
groups are released from the conjugate once they have served their purpose, thus 
preventing interruption of downstream events. Starting with a membrane-active 
poly butyl amino vinyl ether (PBAVE) backbone, PEG and N-acetylgalactosamine 
(for hepatocyte targeting) were attached via maleamate linkages. The siRNA is 
also covalently linked to the backbone via a disulfide bond. The maleamate link-
ages are reduced in the endosomal vesicles, exposing the PBAVE, which lyses the 
endosomal vesicles. The PBAVE-siRNA disulfide bond is reduced once the com-
plex enters the cytoplasm, thereby protecting the siRNA from degradation until it 
is released in the compartment where it can access the RNAi machinery. Two dif-
ferent siRNAs delivered using this vehicle silenced their target genes by ~60-80% 
(Rozema et al., 2007)  

A second system is built by self-assembly of an siRNA with a cyclodextrin-
modified PEI, PEG, and transferrin (for targeting to tumor cells) (Hu-Lieskovan et 
al., 2005; Pun et al., 2004). This complex shows low toxicity and effective silenc-
ing of the target gene in a mouse model and in non-human primates. Together, 
these two polymeric systems highlight the utility of incorporating factors for tar-
geted delivery and endosomal release. However, they also illustrate the potential 
complexity of the polymers required to address the many limitations that restrict 
delivery of active siRNAs in vivo. 

4. APPLICATIONS OF RNAi IN BIOTECHNOLOGY AND 
BIOMEDICINE 

Metabolic flux analysis and genetic screens have identified cellular pathways in-
fluencing protein synthesis and cell survival (Srivastava et al., 2007; Tewari and 
Vidal, 2003). Those pathways identified as being too active to achieve the desired 
phenotype can be specifically targeted and their activities reduced using RNAi. 
One specific application in which this has been demonstrated is in the expression 
of proteins by mammalian cells, which grow more slowly than bacterial cells, but 
provide proper folding and post-translational modification of the expressed pro-
teins (Wurm, 2004). 

Since the approval of the tissue plasminogen activator as the first recombi-
nantly expressed therapeutic protein from Chinese Hamster Ovary (CHO) cells, 
the CHO cell line and its variations have become the dominant mammalian system 
for recombinant protein synthesis (Kumar et al., 2008). Maximal protein produc-
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tion from CHO cells requires high viability and initial rapid proliferation of the 
cells. Apoptosis from stress or other signals reduces the yield and purity of the re-
combinant protein product. As cells lacking both the proapoptotic proteins BAK 
and BAX exhibit considerably higher viability compared to cells expressing both 
these proteins (Galili and Hofgen, 2002), siRNAs were used to target these pro-
teins in recombinant human IFN-γ expressing CHO cells. With BAK and BAX 
mRNAs reduced to 10% of their normal level, the CHO cultures showed 30-50% 
% greater viable cell density, and 35% higher IFN-γ production relative to control 
cells (Banaszynski et al., 2006). 

Cellular pathways in plants can also be manipulated using RNAi to engineer 
and over-express mammalian antibodies and plant specific proteins (Schahs et al., 
2007). Plants have emerged as a safe and economical alternative to microbial and 
mammalian cell lines for expressing vaccines and therapeutic antibodies 
(Bernstein et al., 2003), in part because they have minimal risk of contamination 
from potential human pathogens and can be easily scaled up for mass production 
without the need for extensive purification steps (Daniell et al., 2001). For exam-
ple, the aquatic plant Lemna minor has been developed for producing high yields 
of therapeutic recombinant proteins (Neuenschwander et al., 1991). These proteins 
are, however, susceptible to plant specific glycosylation by the genes α-1,3-
fucosyltransferase and β-1,2-xylosyltransferase (Gomord et al., 2005). After si-
lencing these enzymes by vector expressed shRNAs, their activities were reduced 
to the levels of negative control. When used to produce monoclonal antibodies 
against human CD30, a human cell surface receptor that is specifically upregu-
lated in certain tumor cells such as Hodgkin and Reed-Sternberg cells, adult T cell 
leukemia, and embryonal carcinoma of the testis (Dong et al., 2003), the antibod-
ies did not have any detectable plant specific glycans and were more potent than 
antibodies expressed in mammalian cell lines (Cox et al., 2006). 

Interestingly, storage organs such as potato tubers can also serve as bioreactors 
for mass production of human proteins and vaccines, as they provide superb envi-
ronments for maintaining protein stability (Arntzen et al., 2005; Farran et al., 
2002). A major problem for proteins expressed in tubers is patatin contamination 
(Arntzen et al., 2005). Patatins are a family of glycoproteins that constitute nearly 
40 % of the soluble protein in potato tubers (Prat et al., 1990). shRNA vectors 
have been used to target the highly conserved gene (pat3-k1) of the patatin family, 
thereby reducing patatin expression by nearly 99% (Kim et al., 2008). The ex-
pressed glycoproteins did not then require purification steps to remove patatin, re-
sulting in significant improvement in protein yield. 

In cases where the native plant proteins are detrimental, RNAi has been shown 
to be active in reducing expression of the undesired protein. Peanut allergy is one 
of the most severe food allergies, affecting nearly 1% of the US population 
(Sicherer et al., 1999), with 86 % of cases resulting from reactions to the protein 
Ara h 2 (Koppelman et al., 2001). Knocking down the expression of Ara h 2 using 
plasmid-expressed shRNAs resulted in hypoallergenic seeds showing significant 
reduction in allergenic potency, as measured by IgE binding capacity, compared to 
wild-type peanuts (Dodo et al., 2008). 
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RNAi can also be coupled with metabolic engineering to provide several ad-
vantages over classical plant breeding techniques, such as control of spatial and 
temporal expression of genes of interest (Tang et al., 2007). These new methods 
of breeding are being employed to improve the nutritional value of food (Galili 
and Hofgen, 2002), offset the loss of agricultural land , and help satisfy the food 
demand of the growing world population (Doos, 2002). Cotton tissues express the 
protein Gossypol, which acts as a defense against insects and pathogens 
(Sunilkumar et al., 2006). However, Gossypol's toxicity to humans prevents the 
use of cotton seeds as a source of food in developing countries (Townsend and 
Llewellyn, 2007). shRNAs targeting the enzyme δ-cadinene, which is crucial for 
Gossypol synthesis, reduced the Gossypol level in transgenic seeds by 99% com-
pared to wild-type seeds, with the transgenic plant showing normal growth and 
development (Sunilkumar et al., 2006). 

A similar approach was used to enhance the plant production of lysine, an es-
sential amino acid important for human nutrition and also livestock growth. Ly-
sine is found in limiting amounts in corn and other cereal grains (Singh et al., 
2001), as it negatively regulates the activity of dihydropicolinate synthase 
(DHPS), the first enzyme in the lysine biosynthesis pathway (Tang et al., 2007). 
Plants engineered to express DHPS mutants insensitive to lysine showed increased 
lysine synthesis in all plant organs (Frankard et al., 1992). Unfortunately, elevated 
lysine levels caused abnormal tissue and flower development, which in turn re-
duced seed yield (Frankard et al., 1992). The quality of the seeds was also inferior 
due to defective post-germination lysine catabolism (Zhu and Galili, 2004). Lys-
ketoglutarate reductase (LKR) and saccharopine dehydrogenase (SDH) are key 
enzymes in the lysine catabolism pathway (Zhu and Galili, 2004). In Arabidopsis 
plants, both the lysine content and seed quality were improved by seed-specific ly-
sine over-expression using both the DHPS mutant and temporal shRNA silencing 
of the LKR and SDH enzymes during seed development (Zhu and Galili, 2004). 
These seeds had about 25 mol % higher lysine content than wild-type seeds and 
also grew faster than seeds from plants over-expressing lysine without LKR and 
SDH knockdown (Zhu and Galili, 2004). 

Alternatively, RNAi modified plants have been shown to be effective for thera-
peutic drug production. Morphinan alkaloids such as morphine, codeine, oripav-
ine, and thebaine have direct therapeutic use and serve as intermediates for manu-
facture of synthetic analgesics used to treat opiate addiction (Allen et al., 2008). 
These alkaloids are only expressed in plants of the genus Papaver (Allen et al., 
2008). Upregulating the flux through the alkaloid synthesis pathway by over-
expression of the enzymes salutaridinol 7-O-acetyltransferase (SalAT) or codei-
none reductase (COR) results in increased production of the alkaloids (Allen et al., 
2004; Grothe et al., 2001). Morphine, however, remains a significant product of 
the pathway, impairing the expression and purification of thebaine and codeine, 
products of significantly greater therapeutic value. Targeting the COR transcript 
using shRNAs leads to almost complete inhibition of its enzymatic activity, result-
ing in the upstream accumulation of (S)-reticuline in the alkaloid biosynthesis 
pathway (Allen et al., 2004). (S)-reticuline is a valuable pharmaceutical interme-
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diate that can easily be converted to salutaridine and then to thebaine (Page, 
2005). Engineering poppy plants in this manner is therefore a means to generate 
plants with significant medicinal value, while also possibly limiting their use in 
the production of illicit opioid drugs. 

Use of the RNAi pathway to treat human disease is another popular goal. 
siRNAs are already being tested in vivo, and several are entering, or are currently 
in, clinical trials (http://clinicaltrials.gov). These first generation therapeutic 
siRNAs are typically delivered locally by physical means and target well-studied 
pathways. In particular, two siRNAs in development, siRNA-027 by Sirna Thera-
peutics (http://www.sirna.com) and Cand5 by Acuity Pharmaceuticals 
(http://acuitypharma.com), are entering Phase II and III clinical trials, respec-
tively. Both of these target the vascular endothelial growth factor (VEGF) path-
way for treatment of the wet form of age-related macular degeneration (AMD). As 
they target a disease of the eye, both are administered by intravitreal injection, 
which is also the mode of administration for the only antisense oligonucleotide-
based therapeutic, Vitravene, that has gained FDA approval 
(http://www.isispharm.com/vitravene.html). Similarly, Alnylam Pharmaceuticals 
(http://www.alnylam.com) has completed a Phase II study targeting the respiratory 
syncytial virus (RSV) with an siRNA delivered to the lungs as a nasal spray. The 
treatment was well-tolerated and studies to assess the silencing ability of the 
siRNA can be expected (DeVincenzo et al., 2008). Furthermore, a second trial is 
underway with the same molecule for delivery to lung transplant patients infected 
with RSV. 

Several other new siRNAs are being explored at the Phase I stage. Quark 
Pharmaceuticals (http://www.quarkpharma.com) is investigating siRNA 
I5NP/Akli-5 for its protective effects on acute kidney failure following major car-
diovascular surgery. They have also been granted approval to test DGFi, an 
siRNA targeting the p53 gene, shown in preclinical studies to protect the kidney 
during cold ischemia, a lack of oxygen that can occur when organs are stored in 
low temperatures prior to transplantation (http://clinicaltrials.gov). It is expected 
that this drug might be useful for delayed graft function (DGF), which is a com-
plication commonly seen following transplantation. In these cases, the siRNAs are 
being delivered systemically, but they are chemically modified to enhance their 
stability for such an approach. 

In a slightly different approach, Duke University is sponsoring a Phase I trial 
using an siRNA to reduce dendritic cell expression of the immunoproteasome 
(http://clinicaltrials.gov). Cells derived from a patient's monocytes are to be 
treated and then injected into melanoma tumors as a means to induce immune re-
sponses to combat tumor growth. This study is unique in that the siRNA itself is 
not the therapeutic but rather acts to tune the treated cells for maximum immuno-
genicity. This approach highlights the potential use of siRNAs for indirect thera-
peutic benefit or as adjuvants for existing therapeutics. 

Another intriguing study aims to use local siRNA injection to treat the feet of 
patients with the rare autosomal dominant disorder, pachyonychia congenital 
(http://clinicaltrials.gov). This siRNA is designed to target a specific mutant form 
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of the keratin K6a gene. As there are only six known patients with the particular 
mutation targeted by this siRNA, the application of this particular siRNA cannot 
be expanded beyond the trial stage. However, successful silencing would validate 
use of this delivery strategy for RNAi on easily accessible tissues and would pro-
vide valuable biological information about the clinical feasibility of treating sin-
gle-nucleotide mutant genes. 

An interesting development is the start of a Phase I trial to establish the safety 
associated with an siRNA delivered by means of a stabilized polymeric nanoparti-
cle (Calando Pharmaceuticals; http://www.insertt.com). As mentioned above, the 
cyclodextrin-PEI nanoparticle is intended to protect the siRNA from nuclease deg-
radation thus improving its delivery (Bartlett et al., 2007). Moreover, the nanopar-
ticle contains transferrin as a targeting molecule for tumor cells, which is intended 
to enhance levels of siRNA locally within the tumor. The encapsulated siRNA 
targets the M2 subunit of ribonucleotide reductase. This enzyme, which partici-
pates in deoxynucleotide synthesis, is therefore essential for cell division. Thus, 
this treatment potentially provides a means of generally inhibiting the rate of 
growth of any tumor. This trial represents one of the first to examine the feasibil-
ity of delivering siRNAs by polymeric vehicles designed specifically for in vivo 
applications. 

In each of these clinical trials using an siRNA as the therapeutic agent, the in-
tention is to reduce the expression of a specific gene. As with any therapeutic, the 
expected mechanism of action may not always be the actual mechanism. In one 
study, the mode of action of VEGF and VEGF receptor targeting siRNAs was 
studied. The tested siRNAs each resulted in the desired reduction in choroidal ne-
ovascularization (CNV) due to wet AMD (Kleinman et al., 2008). However, a 
similar reduction in CNV was achieved using non-targeting siRNAs. Further 
analysis showed that essentially all of the tested siRNAs were functioning through 
activation of Toll-like Receptor 3 (TLR3), a cell-surface protein that binds dsRNA 
and initiates an immune response. The immune stimulation, as characterized by 
the induction of IFN-γ and IL-12, was therefore principally responsible for the 
suppression of CNV, independent of the RNAi pathway. Thus, the specificity of 
RNAi does not completely preclude the possibility of side-effects. 

Another complication has been encountered of late when using shRNAs for 
stable induction of RNAi in mice. shRNAs delivered via viral vectors were found 
to be lethal depending on dose but independent of the vector length and shRNA 
sequence (Grimm et al., 2006). The shRNAs appeared to be competing with en-
dogenous miRNAs, possibly causing a saturation of some of the RNAi pathway 
proteins, particularly Exportin-5, which is responsible for transport of miRNAs 
from the nucleus to the cytoplasm. A second study reached similar conclusions 
except that a reduction of dosage only reduced silencing without a concomitant 
improvement in toxicity (McBride et al., 2008). Instead, toxicity was linked to 
high levels of guide strand RNA. This work, however, did demonstrate that an ar-
tificial system expressing a hairpin that looks more like a miRNA seemed to util-
ize the endogenous miRNA processing pathway more naturally, leading to a re-
duction in guide strand RNA levels and toxicity, while also maintaining high 
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levels of silencing. All of these results from shRNA mediated silencing further 
support investigation of the use of siRNA-based RNAi, as siRNAs are not traf-
ficked and processed in the same manner as shRNAs and miRNAs. Nonetheless, 
understanding strategies for mitigating the side-effects of stable in vivo silencing 
will be useful for development of treatments for chronic diseases as well as for es-
tablishing cell lines with constitutively modified gene expression. Taken together, 
these studies underscore the complexity of the various overlapping pathways that 
can be initiated when using dsRNA and that care must be taken when eventually 
progressing to in vivo applications. 
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