
Chapter 7

RNA Interference
Mechanisms and Therapeutic Applications

Anne E. Lamers and Dominique P. V. de Kleijn

RNA interference (RNAi) is a technology developed after the recent discovery of
well-conserved cellular processes that induce posttranscriptional gene silencing
triggered by small fragments of double-stranded RNA. This technique is rapidly
developing into a promising tool used for functional genetics and therapeutic appli-
cations. We focus here on the aspects concerning RNAi mechanism, applications
in mammals, and construct design and delivery. We summarize some therapeutic
applications in general and speculate on the relevance in cardiovascular medicine.

1. INTRODUCTION

An ancient process for defense against viral infections and transposons, and in
higher developed organisms an endogenous process that regulates gene expression,
triggered by double-stranded RNA (dsRNA) was recently revealed (for reviews
see Carrington and Ambros, 2003; Hammond et al., 2001; Sharp, 2001). This
discovery presented the scientific community with a powerful tool for sequence-
specific silencing of gene expression: RNA interference (RNAi). RNAi is a tech-
nique in which any gene of which the sequence is known can be silenced in a
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sequence-specific way by the introduction of complementary dsRNA. This newly
developed technique is now widely used to conduct functional genetic studies in
a fast, easy, and inexpensive way. Using the right means of transfection, the con-
structs can be built into the genome. However, as an advantage over genetically
engineered knockout organisms, where genes are systemically and permanently
knocked out, RNAi permits the spatial and temporal silencing of genes in specific
tissues or organs. It also allows specific knock-down genes in human cells and in
animals larger and less easily bred than mice.

Compared to the related gene-specific inhibition using “antisense” technique,
ribozymes and DNAzymes, RNAi proved to be far more efficient. It can therefore
be used at much lower concentrations with fewer side effects (Grunweller et al.,
2003; Scherer and Rossi, 2003).

The final goal to develop this technique into therapeutic applications has
advanced quickly to the point where the production of intruding viruses is suc-
cessfully inhibited (Joost Haasnoot et al., 2003), specific genes are shut down in
cultured cells, and genes are knocked down in vivo in mice and rats (Backman
et al., 2003; Hommel et al., 2003).

2. RNAi: GENERAL MECHANISMS

The main characteristic of RNAi is the sequence-specific silencing of genes
by dsRNA (elaborately reviewed by Agrawal et al., 2003; Tijsterman et al., 2002).
The silencing process of RNAi is initiated by the introduction of dsRNA into the
cell (Fig. 1). This dsRNA is either produced within the cell or artificially transfected
into the cell. An endogenous enzyme called Dicer processes the RNA hybrid into
21–23 base pairs fragments. Dicer is an RNase III-like enzyme that completes the
fragments with a 2-nucleotide overhang at the 3′ end and a phosphate at the 5′ end
(Bernstein et al., 2001). These modifications seem to be crucial for successful RNAi
(Nykanen et al., 2001). The obtained small dsRNA fragments are called small
interfering RNAs (siRNAs) and are the pivotal elements in the interfering process.

Carrier units of Dicer present the siRNAs to another endogenous enzyme
complex called RNA-induced silencing complex (RISC). In the presence of ATP,
RISC incorporates the siRNA, unwinding the hybrid in the process (Nykanen et al.,
2001). The antisense strand, that is complementary to mRNA present in the cell,
is bound to the enzyme complex; the sense strand is degraded. The RISC has
become active and with the antisense RNA fragment as a probe, it recognizes the
homologous sequences in circulating mRNA in the cell. The thus captured mRNA
is then endonucleolytically degraded by the digesting units of RISC (Nykanen
et al., 2001), leading to downregulation of protein translation and consequently of
the expression of the homologous gene. After cleavage of the target mRNA, the
RISC complex may be recycled for another round of RNAi.

The silencing of the gene is sequence-specific as the sequence of the siRNA
must be the exact complement of the target mRNA. A single mismatch appears to
dramatically impede the efficiency of the silencing (Elbashir et al., 2001).



RNA Interference 123

p
p

p
p

p
p

      ATP

ADP + P

p

p

Dicer

Cleavage by Dicer

siRNA

Target recognition

RISC

helix unwinding 
RICS activation

dsRNA

Target mRNA degradation

mRNA

FIGURE 1. Mechanism of RNAi. dsRNA is cleaved into 19–23 nucleotide fragments: siRNA. The
RNA duplex is presented to the inactive RISC. RISC is activated by the reduction of ATP and causes
unwinding of the RNA double helix. The antisense strand is incorporated in the RISC and is responsible
for the recognition of sequence-specific mRNA. The sense strand is discarded. Upon recognition, the
mRNA is cleaved and degraded. (See Color Plate 11.)

Next to silencing at this posttranscriptional level, RNAi is thought to act on
transcriptional level as it can hamper the actual translation of the mRNA molecule
at the ribosome (Wightman et al., 1993). On the level of transcription, it is reported
that the siRNA when complexed with RITS (RNA-induced initiation of transcrip-
tional gene silencing) complex can alter conformation of the genomic DNA by
methylation (Wassenegger et al., 1994) or condensation of chromatin and conse-
quential silencing of specific chromosomal loci (Pal-Bhadra et al., 2002; Verdel
et al., 2004).
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The finding of this principle was soon translated into techniques to create loss-
of-function phenotypes for functional genetic studies and for the development of
new therapeutic techniques.

3. RNAi IN MAMMALIAN CELLS

Although the silencing by dsRNA seems to be a general phenomenon in all
living cells, from plants to mammals, there are certain restrictions to consider
when working with mammalian cells: In nematode worms and plants, the RNAi
is distributed all through the organism and even to the next generation, when ap-
plied locally, administered in the food, or injected (Palauqui et al., 1997; Vionnet
and Baulcombe, 1997). In mammals it seems that RNAi is not spread system-
ically, but is only expressed transiently in the cells to which the dsRNA was
applied.

The introduction of long molecules of dsRNA in mammalian cells initiates
an interferon response, inducing nonspecific inhibition of protein synthesis (Grant
et al., 1995; Jacobs and Langland, 1996), and cytotoxic reactions leading to cell
death (Der et al., 1997). dsRNA fragments of 19–23 base pairs seem to be able
to induce RNAi without provoking programmed death of the host cells. However,
short dsRNAs are short-lived and have relatively low transfection efficiency. Fur-
thermore, longer fragments seem to be more effective than short RNA particles,
because they are more efficiently processed into more different siRNAs.

The convenient method of introducing small dsRNA fragments into the cell by
hairpin-expressing plasmids (Fig. 2) can overcome these disadvantages (Kawasaki
and Taira, 2003; Yu et al., 2002). The plasmid vector contains an expression cassette
with an RNA polymerase promoter. This promoter initiates the transcription of
a 19–23 nucleotide DNA sequence coding for a specific gene. This sequence is
followed by a short (7–9 nucleotides) spacer and the same sequence in the antisense
direction (inverted repeat). When transcribed into a single-stranded palindromic
RNA, it will fold back into a hairpin structure, thus forming a short hairpin RNA
(shRNA): a 19–23 base pair dsRNA with a loop at its end. This shRNA will then be
a substrate for Dicer, and acquire the 3′ two-nucleotide overhang and a phosphate
group at the 5′ end. Hairpin-expressing plasmids appear to produce a longer lasting
RNAi effect but it is still time-limited. Additionally, the transfection rate of plasmid
vectors is about 80% at the most, therefore not giving complete silencing of the
gene of interest.

In our laboratory we are now cloning hairpin-expressing constructs into viral
vectors. Retroviruses, adenoviruses, and lentiviruses penetrate into a wide range of
target cells at a 100% efficiency rate. In the case of retroviruses (Liu et al., 2004),
adeno-associated viruses (Hommel et al., 2003), and lentiviruses (Scherr et al.,
2003; Van Den Haute et al., 2003), the expression cassette can be stably incorpo-
rated into the genome. This may expand the possibilities of RNAi in producing
stable knock-down mammals. However, before applying these virus constructs to
living mammals, probable immunological obstacles related to viral infections and,
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FIGURE 2. Construction of siRNA by means of hairpin-expressing vectors. A 19 nucleotide DNA
sequence is designed in homology to the gene of interest. A construct is created with this sequence
followed by a short spacer and the same sequence in the antisense direction (inverted repeat) and a
poly-T fragment. This construct is ligated into an expression vector containing a RNA polymerase
III promoter. Transfection of the vector into eukaryotic cells initiates transcription of the construct
into single-stranded RNA (ssRNA). The palindromic nature of the ssRNA leads to back folding of the
ssRNA into shRNA. Dicer processes shRNA into functional siRNA. (See Color Plate 12.)

in the case of retro- and lentiviruses, the risk of insertional mutagenesis (Trono,
2003) may have to be overcome first.

The primary effects of RNAi should be monitored at the level of mRNA.
Real-time PCR, which measures amounts of mRNA of a certain gene in tissue
samples, is an excellent way of determining the effect of RNAi (Sluijter et al.,
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2003). However, the ultimate goal of RNAi is the silencing of the gene at the
protein level. A limiting factor might be the turnover rate of the protein. In case a
protein has an in vivo turnover rate of several weeks, little or no silencing might
be observed at the protein level.

4. CONSIDERATIONS FOR THE DESIGN OF RNAi CONSTRUCTS

To design a successful hairpin-forming construct, the sequence of the 19-
nucleotide fragment should follow a few important rules:

A 19-nucleotide sequence is preferably picked from the coding region of
the gene. Sequences with relatively low cytosine/guanine percentage appear to
produce most successful constructs. The fragment should have a CG content of
35–55%. Poly-T stretches in the 19-nucleotide sequence have to be avoided, for
these will trigger premature termination of transcription that is initiated by RNA
polymerase III promoters like U6, H1, or the modified tRNA polymerase promoter
MTP.

The sequence should be 100% complementary to the target mRNA, since
a single mismatch will considerably decrease the effectiveness of the construct
(Elbashir et al., 2001). On the other hand, the sequence should have as little
as possible homology to other genes to limit off-target reactions, i.e. unwanted
silencing of genes that are not targeted (Jackson et al., 2003). For the same reason,
sequences from highly conserved domains in multigene families should be avoided.
It is advised to run a blast search (see http://www.ncbi.nlm.nih.gov/BLAST) to
screen for homology with other genes. If there is a substantial homology with
related or unrelated genes, the sequence should be excluded.

RISC assembles favorably the siRNA strand whose 5′ end has the greater
tendency to fray (Hohjoh, 2004; Schwarz et al., 2003). This translates into a design
in which the 5′ end of the antisense has a base pair that is not as tightly joined as
the 3′ end. A C–G bond is thermodynamically stronger than an A–U bond. The
19-nucleotide sequence, then, should preferably begin with C or G and end with
A or T or even with a mismatch (A–C, A–G, T–C, T–G).

The choice of RNA polymerase promoters appears to be critical for the effec-
tive production of shRNA. RNA polymerase III promoters like U6 and H1 appear
to be strong promoters for the stable expression of shRNAs. A comparative study
of RNA polymerase III promoters by Boden et al. (2003) showed that the modified
tRNAmet derived (MTD) promoter was more effective in producing shRNA than
did other polymerase III promoters such as H1 and U6, although the efficiency of
the U6 promoter could be increased when extended by 27 nucleotides. Boden et al.
(2003) also showed that a successful production of shRNA does not necessarily
mean an equally successful destruction of complementary mRNA. What should
be taken into account is that the U6 promoter is active in the nucleus whereas
Dicer is a cytoplasm enzyme. MTD, on the other hand, is activated in the cyto-
plasm (Kawasaki and Taira, 2003) and therefore delivers the shRNA into the direct
vicinity of Dicer, making it a more available target for processing into siRNA.
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Even if these general rules are followed it seems that some designs are more
efficient than others. It is therefore advised to choose several different sites (two
to four) along the target mRNA sequence.

5. RNAi AS A THERAPEUTIC TOOL

The first reports have appeared of successful RNAi in mammals using var-
ious means of delivery into the cell. Several studies have used RNAi to inhibit
replication of viruses such as HIV (Novina et al., 2002; Park et al., 2003), hep-
atitis B and C, polio, dengue, influenza A (reviewed by Joost Haasnoot et al.,
2003), and the SARS associated corona virus (He et al., 2003) in cultured cells.
Also, oncology has also rapidly embraced RNAi technology. Duursma and Agami
(2003) showed the stable suppression of oncogenic K-Ras in tumor cells by
RNAi.

Next to this, RNAi appeared to be successful in repressing viruses in live
mammals: McCaffrey et al. (2002) showed an in vivo inhibition of reproduction
of hepatitis C virus proteins in adult mice by intravenously injecting plasmids
promoting siRNA production. Zhang et al. (2003) showed in vivo knock-down
of gene expression in rat brain tumor. Tumorigenecity was stably suppressed in
mice by Brummelkamp et al. (2003) and tyroxine hydroxilase gene was locally
knocked down in the midbrain of adult mice (Backman et al., 2003; Hommel
et al., 2003). At the same time, the first transgenic siRNA expressing knock-
down mice and rats have been reported (Hasuwa et al., 2002; Hommel et al.,
2003).

However, with the efficiency of inhibition of gene expression still not 100%,
and since all target cells should be transfected to obtain maximal inhibition, the
way to clinical applications is still a long way ahead. Therefore, it seems that the
delivery of RNAi inducing vectors is the time-limiting step toward the use of RNAi
in gene therapy in humans in the near future.

The use of tissue-specific promoters may allow a more localized applica-
tion to tissue-specific disorders. For instance, the Tie-2 promoter is specifically
activated in endothelial tissue (Teng et al., 2002). Using this Tie-2 promoter in
an expression cassette could initiate the transcription of an RNAi construct ex-
clusively in endothelial tissue. However, one has to take into account that the
RNA polymerase II-type Tie-2 promoter is less efficient in transcribing small
stem-loop transcripts like shRNAs than RNA polymerase III promoters. Since
arteries and the heart can be reached by catheters, it might be possible to treat
vascular diseases like stenosis and atherosclerosis with RNAi inducing vectors
locally at the intimal side. Additionally, RNAi vectors can be applied locally
at the adventitional side of the artery in a cuff placed around the vessel dur-
ing surgical intervention. In this way RNAi constructs can specifically interfere
with the development of pathological processes like neo intima formation and
arterial shrinkage after bypass surgery or arterio-venous shunting for dialysis
patients.
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6. CONCLUSION

Although the development of RNAi in therapeutic field appears to be in the
fast lane, there are still several problems to overcome before the technique can be
applied to human patients. The RNAi technology, however, is so promising that it
challenges scientists to work on an efficient and safe system to deliver siRNA into
mammalian cells and live organisms to make the evaluation possible in clinical
trials. Overall, it seems that RNAi is rapidly developing into a technology that can
help us better understand and eventually treat cardiovascular diseases.
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