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Application of RNAi in Biomedical
Research
Jonathan Hall*

Abstract: Antisense techniques are powerful tools for the inhibition of gene expression in the target discovery and
validation phases of pharmaceutical research. In particular, RNA interference has become a method of choice to
investigate the roles of putative target genes in models of disease states. This technique is technically demanding, particularly when it is applied in complex experiments such as high-throughput genome analysis or in animal
models of disease. We describe here two areas of current research in our group, dedicated to advancing these
techniques: the use of neural networks to predict the biological activity of short interfering RNAs, and the application of siRNAs in animal models of disease.
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Introduction
Pharmaceutical research often begins with
the identification of a gene product (protein) which is dysfunctional, either through
mis-regulated expression or mutation, in a
disease state. It is however difficult to establish whether the protein represents a good
pharmaceutical (‘validated’) target upon
which to begin a drug discovery program.
For example, the protein may be related to
the result of the disease state and not related to the cause of the disease state, and
thus its inhibition may be ineffective as a
disease treatment. Alternatively, the protein
may perform a critical function in tissues
unaffected by the disease, and therefore
its inhibition may result in unacceptable
levels of toxicity. Target validation is most
efficiently performed using low molecular
weight (LMW) compounds, in fact, with
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the intended drug itself. However, the identification of said compounds, which inhibit
specifically and potently the function of the
protein in appropriate disease models is a
lengthy, resource-intensive process. Ironically, the decision as to whether to initiate
a medicinal chemistry program on a given
target is best made using the very compounds produced by such a program.
The pharmacological consequences of
inhibition of a candidate protein target can
be simulated using antisense techniques
in which oligonucleotides are applied to
reduce the levels of the corresponding
messenger RNA (mRNA), in cells or animal models (Fig. 1). We have described a
number of recent examples where both antisense oligonucleotides (ASOs) and short
interfering RNAs (siRNAs) have been used
to simulate the knock-down of potentially
important drug targets including CD40
[1], Hus1 [2], Bcl-2/BclXl [3], Cdc34 [4]
and p21 [5]. Today, the RNA interference
(RNAi) mechanism has replaced that of antisense as the most commonly used geneknockdown technique.
The optimal use of oligonucleotides as
validation tools requires an understanding
of their general properties (i.e. as a class
of molecule), as opposed to particular
sequence-specific properties (i.e. properties of a single siRNA molecule). This is of
particular importance when trying to select
oligonucleotides which are both specific
and potent inhibitors, but also, which do not
cause non-sequence specific toxic effects.
Due to the very large number of possible
sequence motifs in a set of siRNAs – a con-

sequence of the large number of sequence
permutations – the general properties of
oligonucleotides are best revealed by looking at sufficiently large data-sets [6]. This
has been a common theme in our research
of late.
RNA Interference
Mechanism and the Variable
Potency of siRNAs
RNA interference (RNAi) is a powerful genetic technique for the validation
of pharmaceutical targets. It is a natural
mechanism which was first recognized in
plants and model organisms as a defence
against viral RNA [7]. Key components
of this complex mechanism are siRNAs,
21-nucleotide (nt) duplexes bearing a dinucleotide 3ʹ-overhang on each strand. The
duplex is composed of sense and antisense
strands, where the latter is complementary
to the targeted mRNA and, when correctly
designed, bears mismatches to all other
transcripts in the cell. siRNAs are delivered into cells in vitro by one of several
possible documented transfection methods,
where they are processed. The duplex siRNA is unwound and the antisense strand is
bound by the RNA-interference-silencingcomplex (RISC), a protein complex which
targets the complementary mRNA only for
endonuclolytic cleavage in the centre of the
duplex region [8]. After cleavage, the mRNA dissociates and the complex is available
for further mRNA binding. Protein translation is therefore interrupted and residual
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Fig. 1. A schematic comparison of two mechanisms of inhibiting the function of a protein, including
the mechanism of action of siRNAs: a) A low-molecular weight (LMW) compound binds in the active
site of the protein e.g. an enzyme, in order to block enzymatic function; b) A short interfering RNA
(siRNA) binds to the messenger RNA (mRNA) responsible for synthesis of the corresponding protein,
causing a gradual reduction in protein levels, and consequent loss of function; c) The double stranded
RNA is bound and processed by the RISC complex during which the duplex is dissociated, the sense
strand is discarded and degraded, and the antisense strand is phosphorylated at its 5ʹ-terminus. This
complex binds the mRNA and effects cleavage of the mRNA in the centre of the duplex region.

protein levels in the cell decrease as it is
metabolized with its natural half-life. As
protein levels fall so its effective function
therefore is reduced. Therefore, this mechanism mimics the action of a LMW inhibitor
of the protein itself, albeit with a temporal
delay caused by kinetics of target protein
loss (Fig. 1). RNAi can be used in vitro and
in vivo, although there are significant technical hurdles to targeting oligonucleotides
to a particular tissue in vivo.
Each mRNA is thousands of nucleotides
in length. Therefore, there are thousands of
possible complementary short oligonucleotide sequences which can be selected as
either ASOs or siRNAs. Unfortunately, for
a variety and combination of reasons, many
of these target-specific oligonucleotides are
biologically inactive (Fig. 2).
We recently conducted a study in which
we compared the potency of siRNAs with
2ʹ-O-methoxyethyl (MOE)-modified ASOs,
under identical cellular delivery conditions.
Oligonucleotides to target recombinant rat
pain-related cation-channel P2X3 expressed
in CHO-K1 and the rat brain tumour derived
cell line, 33B [10], were delivered by electroporation and results were evaluated on
the mRNA, protein, and functional levels.
The siRNA was found to be more potent
than the sequence-identical ASO. We also
detected and characterized a complemen-

tation effect of ASOs and siRNAs when
siRNA was combined with non-homologous ASO targeting different regions on
the common P2X3 mRNA. Combination

of both reagents yielded a more efficient
down-regulation of P2X3 mRNA than if
they were administered separately. Possible reasons for variations in oligonucleotide potencies include: strong secondary
and tertiary structure of the mRNA which
prevents effective oligonucleotide binding, preferences of the RISC for certain
nucleotide motifs in the mRNA or siRNA
sequence, sequence-dependent transfection
efficiency, sequence-dependent siRNA stability etc., all of which are determined to
some extent by nucleotide sequence motifs.
It is usually not possible to recognize such
motifs by visual inspection of active siRNAs because of the vast number of possible
permutations, and therefore it is difficult to
predict active siRNAs based upon nucleotide sequence alone. This became an acute
problem in a genomics project where it was
necessary to construct a large, genomewide library of siRNAs. The purpose of this
library is to examine the effects of inhibition of each individual gene of a genome in
a selected pathway through the use of oligonucleotides in suitable cellular assays [11].
Where a given gene plays an important role
in the pathway, inhibition of its mRNA will
reveal a change in phenotype in the assay
readout. Until recently, the largest gene
knock-down experiments performed to date
in human cells have employed multiple si/
shRNAs per gene and have only addressed
a subset of the human genome [12–14]. One
of the principal problems in this expensive
area of research is that many siRNAs are
biologically inactive and it is not possible
to experimentally identify these prior to inclusion in a library. Thus multiple reagents

Fig. 2. 2431 Randomly-selected siRNAs complementary to 34 reporter plasmids coding for yellow
fluorescent protein (YFP), differing in the sequence of their 3ʹ-untranslated regions (UTRs), were
tested in H1299 cancer cells for their ability to down regulate YFP. Residual levels of YFP fluorescence
were measured after 48 h and normalized to unrelated negative and positive controls. The Y-axis is
the number of siRNAs, normalized for correspondence to a 256 bin histogram. The X-axis is YFP
inhibition normalized with the positive control set to 90.0% inhibition and the negative control set
to 35.4% inhibition, such that the least active siRNA becomes 0%. siRNAs show an approximate
Gaussian distribution of potencies relative to controls (taken from [9]).
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need to be employed per gene to ensure that
gene-knock-down in the assay can be guaranteed for fidelity of cellular readout. In order to minimize this burden, we turned to an
artificial neural network (ANN) in order to
try and predict potent siRNAs based upon
their nucleotide sequence.

(anti-pGL iRNA)

Fig. 3. A high-throughput reporter assay to quantify potency of siRNAs. a) Transfection into cells of the
DNA plasmid results in transcription of a ‘fusion’ mRNA, the sequence of which contains a variable
sequence insert, which serves as target for complementary siRNAs. The mRNA is translated into YFP
protein, the sequence of which does not contain the target insert; b) Co-transfection of the plasmid
with an siRNA (YFP siRNA) targeted to the mRNA causes a dose-dependent cleavage of the mRNA
and consequently loss of YFP fluorescence, whereas an unrelated siRNA (anti-pGL3) has no effect, in
H1299 cells at 48 h. Normalized relative intensity of YFP is plotted (n = 3) (taken from [9]).

by Q-PCR (normalized to control siRNA).
All siRNAs were found to be active. BIOPREDsi was used to design a genome-wide
set of 50,000 siRNAs targeted to 22,473 predicted human genes. In this process, BIOPREDsi consistently selects siRNAs which
commence with a U at the 5ʹ-terminus of
the sequence. This curious observation suggested a very dominant effect of the 5ʹ-U

in contributing to the potency of siRNAs.
This effect was subsequently explained in
publications as contributing to a preference
of the RISC complex to load the correct antisense siRNA strand [16–18]. This library
of reagents is currently being used to screen
the human genome for genes involved in a
wide variety of genetic pathways related to
human disease. BIOPREDsi is available for
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A Neural Net Algorithm for the
Prediction of Potent siRNAs
ANNs identify and work with highly
complex patterns in data-sets, using automated and unbiased learning. The numerous, complex parameters that they derive
are combined and weighted for accurate
prediction. Often, the prediction quality of
an ANN depends on a sufficiently large, unbiased training set, preferably where data
points are directly comparable.
We reasoned that a large homogeneous data set of siRNA potency for training
ANNs could be best generated using a highthroughput (HT) reporter screening assay
which we had previously developed for
ASOs [15]. The high-throughput screening
assay is based upon a mRNA fusion transcript comprising a full length reporter gene
(luciferase or fluorescent proteins) with sequences inserted into its 3ʹ-UTR. The insert
can be from partial or full length genes, can
be from genes from alternate species, and
from any region of an mRNA (Fig. 3).
A large number (58) of ‘gapmer’ 18-nt
MOE-oligonucleotides were screened for
antisense activity against eight such luciferase reporter fusion constructs in a
CHO cell line and the inhibitory profiles
obtained were compared and quantified
to those observed through screening the
oligonucleotides against the corresponding
endogenous genes, assayed at the mRNA
level in H1299. A high degree of similarity in the profiles was obtained indicating
that the fusion constructs are suitable surrogates for the endogenously-expressed
mRNAs for characterization of ASOs. We
then ensured that this assay would also
function with siRNAs, and designed a series of assays suitable for raising ANNs. A
very large number (2431) of siRNAs were
selected randomly across 34 different plasmids, and screened in H1299 cells [9]. The
data was randomly divided into a training
set of 2182 data points and an independent test set of 249 data points. The ANNs
were tested by plotting predicted biological
activity against experimental activity (Fig.
4), and quantified using Pearson correlation
coefficients.
The highest performing algorithm,
named BIOPREDsi, yielded a Pearson correlation coefficient r = 0.66 at P = 2.2exp16, proving that artificial intelligence alone
can be used to predict activity. BIOPREDsi
was then used to select the top two predicted siRNAs for six genes which were
then assayed for inhibition of target mRNA
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Fig. 4. Plot of predicted potency (Biopred score) of 249 siRNAs by the artificial neural network (ANN)
BIOPREDsi against the observed inhibitory activity obtained in the HT YFP reporter assay. For a
Biopred score ≥0.75, the top 10% most potent siRNAs yield a specificity of 79% and a sensitivity of
53% (taken from [9]).
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public use on the internet (www.biopredsi.
org).
In vivo Target Validation
The use of oligonucleotides in vivo is
fraught with technical difficulties: large
quantities of these highly expensive reagents are required, penetration into cells
in the desired target tissue is usually poor,
the reagents are rapidly degraded by nucleases in blood and other body fluids, and
have unfavourable pharmacokinetics due to
high molecular weights (7–15 kD) and high
negative charge. These difficulties together
probably account for the general lack of
success of oligonucleotides in the clinic to
date. Despite this, there are increasing numbers of reports of successful use of ASOs
and siRNAs in vivo, particularly where it
is possible to deliver the oligonucleotide
locally.
The ability to achieve a rapid, inexpensive and specific knockdown of neuronal
genes, for in vivo target validation, would
be a major step forward in pharmaceutical research in neuroscience. We have used
siRNAs extensively in rodent models of
chronic neuropathic pain [19]. The purpose
of the studies was to evaluate the roles of
putative pain genes in this indication. The
P2X3 gene was selected as a target in a
proof of concept study to evaluate technical
feasibility. It is a ATP-gated cation channel,
restricted in expression to cell bodies of sensory neurons and known to be involved in
pain from P2X3 mRNA expression in models of chronic pain, and altered pain-related
responses in knock-out mice. Furthermore,
we had previously described the successful
use of ASOs in these models to validate the
target [20]. Characterized siRNAs were delivered intrathecally directly into the spinal
fluid using osmotic mini-pumps. Two of
the aforementioned technical hurdles were
circumvented as the use of the mini-pumps
guaranteed an effective local delivery of
high concentration, while requiring small
absolute amounts of reagents. Furthermore,
a similar method is commonly used for drug
delivery into patients with severe pain. The
experiments yielded reduced P2X3 mRNA
in dorsal root ganglia and reduced P2X3
protein translocated in the dorsal horn of
spinal chord of rats compared to untreated
and mismatched controls (Fig. 5).
The oligoribonucleotides carried 3ʹoverhangs of MOE-containing ribonucleotides to ensure protection against nucleasedegradation. We showed in earlier studies
in vitro that the modified oligonucleotides
were as potent as those carrying deoxythymidine overhangs, and that that the modified termini did not inhibit the RNAi mechanism [10]. Although the degree of target
knock-down was partial, probably reflecting an incomplete cellular uptake, a strong
phenotypic effect was observed compared

Fig. 5. Molecular down regulation of P2X3 RNA and protein in the nervous system of a rat upon
treatment with siRNA: a) P2X3 mRNA levels in dorsal root ganglia (DRG), normalized to β-actin, were
significantly reduced in P2X3 siRNA-treated compared to mismatched control siRNA (MM)-treated
and vehicle treated rats (n/group = 3); b) P2X3 immunoreactivity in the lamina II of the spinal cord
was visibly reduced in siRNA-treated (ii) animals compared to vehicle-treated (i) and mismatched (iii)
negative controls. Co-immunostaining was performed with neuron-specific isolectin B4 (iv–vi) and
showed that equivalent regions of each spinal cord were analyzed (n/group = 3) (taken from [19];
reproduced by permission of Oxford University Press).

to mismatched and untreated controls with
doses of 400 microgram/day. Partial sciatic
ligation models in rats were used with readouts of allodynia and mechanical hyperalgesia. The double-stranded siRNA was
more potent than the single-stranded ASO,
confirming the results obtained in vitro. This
was the first report of an endogenous disease-related neuronal gene targeted in the
nervous system with a measurable pathophysiological response in a relevant and
well-defined disease model. The phenotypic results caused by a genetic inhibition of
the P2X3 gene were reproduced using low
molecular weight compounds against the
channel [21], confirming the original postulate in this example that oligonucleotides
can function as mimics of compounds in
target validation studies.
The power of using siRNAs to inhibit
genes in the nervous system prompted us
to attempt a new approach with infusion of
siRNAs into the ventricular system of the rat
brain, using a similar delivery protocol with
the mini-pumps [22]. The extent of RNAiinduced downregulation was analyzed
by targeting enhanced green fluorescent
protein (eGFP), in transgenic mice overexpressing eGFP. Extensive mRNA target
inhibition was observed, in regions adjacent or dorso-ventrally and medio-laterally
distant to the infusion site. Lower levels of
knockdown were observed in more distal
regions. This technical success permitted
us to generate specific knockdown of the
endogenous gene encoding the dopamine
transporter (DAT). DAT controls the activity of dopamine by facilitating a rapid uptake of the neurotransmitter into pre-synpatic terminals. DAT is a key regulator of
dopamine actions on locomotion, emotion
and cognition, and implicated in the etiology of several disorders. Infusion of DATsiRNA in adult mice produced a significant
down-regulation of DAT mRNA and pro-

tein in the brain, and elicited a temporal
hyperlocomotor response in comparison to
mismatch and untreated controls.
Once again, the effects with the siRNA
mirrored those seen with a pharmacologically-selective LMW DAT inhibitor, but
were delayed by 24–48 h, as expected for
a kinetically slower-acting drug.
Outlook
RNAi is a very powerful means to study
gene function and to simulate the effects
of LMW-compound inhibition of a target
protein. We have extended and exploited
the power of RNAi-mediated gene knockdown technologies to evaluate the roles of
genes in models of disease, both in vitro and
in vivo.
The research performed as part of the
genomics project has allowed us to advance to another major milestone in functional genomics, that of systematic independent inhibition of all human genes in
model systems. The studies performed in
vivo are particularly exciting as they promise for the first time the possibility to apply siRNAs as a therapeutic treatment for a
number of disorders in the central nervous
system.
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