The Open Pain Journal, 2009, 2, 57-63 57

Therapeutic Potential of RNA Interference in Pain Medicine
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Abstract: In recent years RNA interference (RNAI) has rapidly become the most widely used tool for gene knockdown
due to its high specificity and potency. RNAI is an evolutionarily conserved mechanism for silencing gene expression by
targeted degradation of MRNA. In the past decade, hundreds of molecular targets have been identified for their roles in
pain modulation. But most molecular targets are not readily druggable with small molecules. RNAIi represents a
therapeutic approach applicable to these non-druggable targets. There is a rapid increase in the number of studies that use
small interfering RNAs (siRNAs) to validate new targets for pain regulation. In this review, we will discuss these pain-
related RNAI studies (Table 1). We will also compare the advantages and disadvantages of RNAI with antisense
knockdown (Table 2), because antisense oligodeoxynucleotides have been extensively used for target validation in pain
research. Although in vivo delivery of siRNA remains to be a challenge, RNAI has a great potential to become a major

therapeutic tool for pain management.

INTRODUCTION

Many diseases including chronic pain are associated with
uncontrolled gene expression. Therefore, a great research
effort has been put on finding compounds that can alter gene
expression. One approach was to alter levels of gene
expression using antisense technology. Most antisense
methods that use single-stranded DNA (ssDNA) or single-
stranded RNA (ssRNA) oligonucleotides rely on RNase H-
mediated degradation of the target mMRNA or blockade of
translation for their mechanisms of action [1]. Other
pathways have also been exploited with favorable results.
For example, 2°,5’-oligoadenylate triggers action of RNase L
[2]. The first experiment performed in 1978 used antisense
oligonucleotides complementary to sequences within their
target mMRNAs to inhibit gene expression [3]. Since then,
different kinds of modified and unmodified DNA and RNA
oligonucleotides of typical length of 18-25 nucleotides have
been used in antisense studies. In particular, antisense
oligodeoxynucleotides (AS-ODN) have been extensively
used to validate dozens of molecular targets in pain
modulation [4-7]. However, the therapeutic potential of AS-
ODN: s is limited due to their low efficacy and selectivity [8]
(Table 2).

Twenty vyears later, Fire, Mello, and collaborators
described a process in Caenorhabditis elegans in which long
double-stranded RNA (dsRNA) caused suppression of
complementary genes and they called this process RNA
interference (RNAI) [9]. RNAI exploits a complex, natural
pathway that regulates gene expression and includes
machinery for sequence-specific mMRNA degradation. RNAI
was originally discovered as a naturally occurring pathway
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in plants and invertebrates [9, 10] and was thought to be a
nature defense mechanism for viruses or transposons. When
long dsRNA are introduced into the cells, they are processed
by the endonuclease Dicer into small interfering RNAs
(sSiRNAs) with 21-23 nucleotides. siRNAs are then
incorporated into multimember RNA-induced silencing
complex (RISC), which unwinds the duplex and uses the
antisense strand as a guide to degrade homologous mRNAS
[11] (Fig. 1).

In the past years RNAIi has become the most widely used
technology to suppress gene expression. Specific rules for
siRNA design have been developed to produce potent RNAI
reagents without the extensive testing needed for the design
of traditional antisense ODNs [12, 13]. RNAi is much more
potent than antisense knockdown. Transfections even with
subnanomolar concentrations of RNA sometimes achieve
more than 90% reduction in mMRNA levels [14]. In sharp
contrast, much high concentrations of antisense-ODNs (70-
220 nM) are required to obtain significant knockdown [15].
Efficacy of RNAI is usually measured as half-maximal
inhibition levels or IC50 values. Although efficacy for
individual target sites varies widely among siRNAs. It is
estimated that the 1C50 of siRNAs are 100- to 1000-fold
lower than an phosphorothioate AS-ODN directed against
the same target [16-18]. Thus RNAI has largely replaced
antisense approach for gene knockdown in most in vitro
studies and is also showing promise for in vivo applications.
The therapeutic application of RNAIi has been explored by
many pharmaceutical companies.

MECHANISM OF RNA INTERFERENCE

dsRNAs that cause selective gene silencing make RNAI
the gold standard for studying loss of function phenotype.
Two types of small RNAs, siRNAs and microRNAs
(miRNAs), are known to mediate RNAI. siRNAs are double-
stranded RNASs of 21 to 23 nucleotides in length and contain
3’ overhangs of 2 nucleotides on each strand. siRNAs are
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Table 1. siRNA Application in Pain Research
Molecular Target Administration Dose Transfection Pain Condition Knockdown Efficiency Reference
Route Reagent
P2X3 Intrathecal injection 6x400 pg None Neuropathic pain 40% in DRG Dorn et al. (2004)
NMDA receptor, S . . o) -
NR2B subunit Intrathecal injection S5ug Polyethyleneimine | Inflammatory pain 70-80% in SC Tan et al. (2005)
Delta opioid receptor | Intrathecal injection 3x2pg iFect Opioid analgesia  |38% in DRG, 62% in SC| Luo et al. (2005)
TrkB Electr(g(;fgtlon m 70 ng None Inflammatory pain 70% in medulla Guo et al. (2006)
PGE2 EP4 receptor | Intrathecal injection 7x200 pg None Inflammatory pain 69% in DRG Lin et al., (2006)
TRPV1 Intrathecal injection 1-1000 ng None Neuropathic pain Not examined Chrl(s;%%l;)e tal.
T . . . . Kasama et al.
TRPV1 Paratracheal injection 5ug Lipofectamine Inflammatory pain Not examined (2007)
recombinant adeno-
NMDA receptor, NR1 . . . . . o - Garraway et al.,
subunit into Spinal Cord 1ul associated virus Inflammatory pain 60-75% in SC (2007)
vector
MMP-2 and MMP-9 | Intrathecal injection 3x2pg Polyethyleneimine Neuropathic pain 50% in DRG and SC Kaw(azsg(l)(é)e tal.
TRPV1 None None Transgen}c shRNA Inﬂamma?ory & 75% in DRG Christoph et al.
mice neuropathic pain (2008)
. . . o) i e .
Kir4.1 mnto trlggmmal 2 ug Lipofectamine Neuropathic pain 40% in trlgemmal Vitetal., (2008)
ganglion ganglion
Dicer-substrate o) : .
Neurotensin receptor-2| Intrathecal injection 2x 1ug siRNA formulated |Neurotensin analgesia 32-86 A’om. DRG, 62- Louis et al.,
o 70% in SC (2008)
with iFect
Acid-sensing ion S . . o Deval et al.,
channel (ASIC-3) Intrathecal injection 3x2pg iFect Inflammatory pain 50-90% in DRG (2008)

generated from long dsRNAs of exogenous or endogenous
origin [19, 20] in the cytoplasm by the enzyme Dicer. These
siRNAs are processed to single guide (antisense) strands by
selective cleavage of the passenger (sense) strand by the
enzyme Argonaute 2 [21, 22]. The antisense strands are then
incorporated into RISC, and RISC is directed by the
antisense siRNA strand to homologous target mRNAs that
are cleaved by Argonaut 2 in the RISC [23], resulting in

reduction of target mRNA levels and subsequent lowering of
target protein levels (Fig. 1).

miRNAs are initially transcribed by RNA polymerase 11
(Pol 1) as part of a long primary miRNA (pri-miRNA)
precursor [24, 25]. Mature miRNAs form part of one arm of
an  85-nucleotide RNA stem-loop in the pri-miRNA. The
first step in miRNA processing is mediated by the RNase 111

Table2. Advantages and Disadvantages of siRNA and AS-ODNs
SiRNA AS-ODNs
Advantages
Potency High Low
Selectivity High Medium
Knockdown duration Long Short

Target sequence selection

Various sequences

Limited sequences

Large-scale target validation Yes No
Long-term silencing using a vector system Yes No
Conditional silencing using a vector system Yes No

Disadvantages

In vivo delivery

Low efficiency

Low efficiency

Toxicity

Possible at high doses

Possible at high doses

Off-target effect

Possible at high doses

Not carefully examined
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Fig. (1). Pathway of RNA interference. siRNA/miRNA precursors
are synthesized in the nucleus. These precursors are first processed
there by certain enzyme of the RNAi pathway such as Drosha to
form short hairpin structures. The products are then exported into
the cytoplasm by small nucleic acid exporter Exportin-5. The short
hairpin RNAs are then processed by Dicer in the cytoplasm to
produce siRNAs or miRNAs. siRNAs/miRNAs are incorporated
into the RNA induced silencing complex, RISC. One strand of the
siRNA or miRNA, the guide or antisense strand, is retained in
RISC and a homologous target mRNA is bound. Perfectly comple-
mentary target binding leads to target degradation; whereas incom-
plete complementarity leads to inhibition of protein translation
from the target.

enzyme Drosha, which cleaves the stem ~ 22 nucleotides
away from the terminal loop to generate an ~ 65-nucleotide
pre-miRNA hair-pin intermediate [26]. The pre-miRNA is
transported to cytoplasm by the nuclear export factor
Exportin-5 [27], where it interacts with enzyme Dicer. Dicer
binds the 2-nucleotide 3’ overhang found at the base of the
pre-miRNA hairpin and cleaves ~ 22 nucleotides away from
the base, removing the terminal loop and leaving another 2-
nucleotide 3’ overhang. The resultant duplex intermediate of
miRNAs are incorporated into RISC and interact Argonaute-
2 [28]. Once programmed, RISC can down-regulate the
expression of homologous mRNAs (Fig. 1).

IN VIVO DELIVERY OF SIRNAS AS A MAJOR
CHALLENGE OF RNAI APPROACH

For in vivo delivery, all classes of gene therapy-related
drugs, including siRNAs and antisense ODNs, have the same
challenge of achieving distribution in sufficient concentra-
tions at the target tissue. However, all siRNAs need to gain
access to the interior of the cell, whereas for other small
molecule and protein drugs target cell surface proteins,
intracellular access is not required. Effective delivery of
nucleic acid-based therapeutic molecules to the central
nervous system (CNS) remains a limiting step for RNAi.
Although systemic delivery of unmodified Fas siRNA via
intravenous injection was shown to specifically reduce Fas
mRNA levels and expression of Fas protein in mouse
hepatocytes [29], systemic delivery of unmodified siRNAs to
the CNS is currently precluded, since siRNAs do not readily
cross the brain-blood-barrier (BBB) and are rapidly degraded
in vivo by endonucleases and filtered through the renal
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system. Thus, siRNAs are often mixed with different
transfection agents such as lipofectamine, iFect, and poly-
ethyleneimine (PEI) to prevent degradation and increase
cellular uptake [30-36]. The use of transfection reagents for
delivery enables substantially lower doses and potentially
less frequent dosing of siRNA [31, 32, 34]. Recently, a short
peptide derived from rabies virus glycoprotein (RVG)
enables the transvascular delivery of small interfering RNA
(siRNA) to the brain, because this peptide can be taken up by
nerve terminals expressing acetylcholine receptors [37]. In
particular, intrathecal route is capable of delivering siRNA
into spinal cord cells as well as DRG cells [31, 32, 34]. Thus,
most siRNA studies for pain research delivered siRNAs with
a transfection reagent via intrathecal route (Table 1).

IN VIVO DELIVERY OF SIRNA FOR PAIN RE-
SEARCH

One of the first studies to apply siRNA strategy to pain
research was done by Dorn et al. [30] to target the ATP
receptor P2X3, which was implicated in the induction of
neuropathic pain before this study [38]. Dorn and colleagues
administered minimally modified siRNAs targeting P2X3
via an intrathecal catheter that is connected to an osmotic
pump and examined their effect on neuropathic pain in rats
[30]. P2X3 siRNAs were administered by continuous infus-
ion at a dose of 400 pg/day for 6 days and produced ~40%
reduction in P2X3 mRNA and protein levels in the dorsal
root ganglion (DRG). After the siRNA treatment, rats also
exhibited a reduction in neuropathic pain [30]. However, in
this study, extremely high doses of siRNAs were used, in the
absence of transfection reagent.

In a subsequent study, Tan and coauthors [31] tried a
cationic polymer, polyethyleneimine (PEI) to form a ‘proton
sponge’ due to its buffering capacity, which enables PEI to
buffer endosomes and induce their rupture to release siRNA
into the cytoplasm [39]. Tan et al. synthesized a siRNA to
specifically target a subunit of the NMDA receptors, NR2B,
as general NMDA receptor antagonists provoke severe side
effects [31]. Intrathecal delivery of the RNA-polymer
complex was shown to successfully knockdown NR2B
expression and formalin-induced spontaneous pain in rats
even at a low dose of NR2B siRNA (5 ug) [31]. Thus, a
bolus intrathecal injection of NR2B siRNA led to a 60%
reduction in NR2B mRNA levels, as assessed by quantitative
RT-PCR, and a 80% reduction in NR2B protein levels, as
assessed by Western blot analysis [31] at 7 and 14 days post-
siRNA injection. NR2B immunoreactivity was also signifi-
cantly decreased in the dorsal horn of the spinal cord at 7
days post-siRNA injection. Consistently, the formalin-indu-
ced flinching response, an indication of spontaneous pain,
was decreased in the second phase.

We also used PEI as a transfection reagent to deliver
siRNAs against matrix metalloproteases (MMPs) in a
neuropathic pain condition induced by spinal nerve ligation.
siRNAs of MMP-9 and MMP-2 were used to validate the
role of different MMPs in early- and late-phase of neuro-
pathic pain. Intrathecal injection of 2 x 5 ug MMP9 siRNAs
in rats effectively suppressed nerve injury-induced MMP-9
upregulation by >70% in the DRG and delayed the develop-
ment of mechanical allodynia, without affecting MMP-2
levels. Nerve ligation-induced allodynia in mice was also



60 The Open Pain Journal, 2009, Volume 2

reversed by intrathecal injection of 2 x 2 pg MMP-2 siRNA
[34]. To determine whether siRNA is indeed taken up by
DRG cells, we intrathecally injected Cy3-labled siRNA
mixed with PEL. Three hours later, many DRG neurons
showed positive labeling (Fig. 2). Although intense labeling
was found near to the edge of DRGs, which is covered by
meninges, significant amount of labeling was also observed
in neurons deep in the DRG (Fig. 2).

Luo et al. [32] used a cationic lipid delivery agent, iFect
and demonstrated that the intrathecal administration of a low
dose of siRNA (3 x 2 png) against delta opioid receptor (JOR)
effectively blocks the analgesia induced by delta opioid
receptor in rats. After the treatment, levels of SOR mRNA
were reduced by 38% in the DRG and by 62% in the lumbar
spinal cord. In particular, AlexaFluor546-tagged siRNA
fluorescence is clearly detected in both the DRG and spinal
cord 24 hours after intrathecal delivery of 2 pg of the tagged
siRNA mixed with i-Fect™. In contrast, when fluorescence-
tagged siRNA is delivered into rats without i-Fect™, its up-
take in the lumbar DRG and spinal cord is very poor [32].

To enable cellular uptake of siRNAs, Guo et al. [40] used
a local in vivo electroporation strategy to deliver siRNAs
targeting TrkB into the ventromedial medulla (RVM). They
demonstrated that the TrkB siRNAs, administrated 4 days
before hind paw injection of complete Freund’s adjuvant
(CFA), completely blocked CFA-induced upregulation of
TrkB expression. After the siRNA treatment, animals also
exhibited a dose-dependent attenuation of thermal hypera-
lgesia from 30 min to 6 h after CFA inflammation.

For continuous drug infusion, Lin et al. [41] delivered
shRNAs targeting EP4 subtype of EP receptor via osmotic
minipump, at dose of 200 pg/day for 7 days. EP4 receptor is
believed to mediate pronociceptive effects of prostaglandin
E2. The EP4 shRNAs produced a down-regulation (70%) of
EP4 mRNA and protein levels in the LS DRG (69% reduc-
tion). Knockdown of EP4 receptor also significantly reduced

Tanetal.

the CFA-induced thermal and mechanical hyper-responsive-
ness.

Several studies also employed siRNA strategy to
investigate the role of capsaicin receptor TRPV1 (transient
receptor potential vanilloid type 1). Using the strategy of
intrathecal delivery, Christoph and colleagues [42] showed a
significant reduction in allodynia in a neuropathic pain
model. Viscerally induced pain is also attenuated [43].
Furthermore, Kasama S et al. [33] recently reported that
paratracheal administration of TRPV1 siRNA could block
TRPV1 upregulation in cervical DRG and abolished
inflammatory thermal hyperalgesia induced by CFA.
However, thermal hyperalgesia previously established by
inflammation was not reversed by injection of siRNA. For
comparing different gene silencing strategies, Christoph et
al. [42] generated transgenic animals that express a TRPV1-
directed shRNA. A shRNA sequence directed against the
TRPV1 mRNA was inserted in embryonic stem (ES) cells.
ShRNA transgenic ES cells were then injected into tetraploid
blastocysts. Capsaicin- induced [Ca2+]i changes in small
diameter DRG neurons, hypothermia, and nocifensive
behaviour measured by duration of licking and biting
behavior were all significantly diminished in TRPV1 shRNA
transgenic mice. Sensitivity towards noxious heat was
reduced. Interestingly, TRPV1 shRNA transgenic mice but
not TRPV1 knockout mice show neither mechanical
hypersensitivity nor mechanical allodynia after spinal nerve
ligation. This discrepancy suggests that developmental
compensation often encountered in knockout mice is less
significant in shRNA transgenic mice. Thus, transgenic mice
expressing shRNA may offer a powerful tool for target
validation in pain research.

Another example of using siRNA approach for target
validation is to examine the role of Kir4.1, a potassium
channel, in pain regulation [35]. Vit et al. show that Kir4.1 is
expressed in satellite glial cells of the trigeminal ganglion
and this expression was reduced after chronic constriction

Cy3 labeled siRNA + Polyethyleneimine (PEI)

Fig. (2). Up-take of cy3-labeled cyclophylin siRNAs by rat DRG neurons 3 hours after intrathecal injection (5 ug). sSiRNA was mixed with
polyethyleneimine (PEIL see reference 34 for details). SIRNA appear to enter DRG via the meninges (large arrows). siRNAs further diffuse

deep inside DRG (small arrows). Scale bar, 50 um.



RNA Interference in Pain Medicine

injury of the infraorbital nerve. Specific silencing of Kir4.1
by injecting 15 pg siRNA complexing with lipofectamine in
the trigeminal ganglion leads to spontaneous and evoked
facial pain-like behavior in freely moving rats. The findings
correlate a neuropathic pain-like behavior with a change in
expression of a single K channel in peripheral glial cells
[35].

Garraway et al. [44] used a recombinant adeno-associ-
ated virus (rAAV) vector to express siRNA targeting the
NRI subunit of NMDA receptors. Three weeks after vector
injected into the mouse spinal cord dorsal horn, a 60 to 75%
decrease of NR1 mRNA and protein was revealed in the area
affected by virus injection. Notably, the spatial knockdown
persisted for at least 6 months after a single administration of
the vector. The vector-derived siRNA prevented the mecha-
nical allodynia measured at 24 and 48 h after CFA inflam-
mation. No cellular toxicity measured by nuclear staining
and cell integrity was found. The results indicate that vector-
derived siRNAs can be used to produce a long-term knock-
down of gene expression in the spinal cord.

In 2005 Kim and colleagues [14] demonstrated that 27-
mer Dicer-substrate siRNA (DsiRNA) is more potent in vitro
than standard 21-mer siRNAs. The introduction of a
combination of asymmetric 3’-overhang and DNA bases at
the opposing blunt end were shown to induce a more
predictable dicing pattern and improve the reliability of this
method [45]. This strategy was also successfully demonst-
rated in pain research [36]. Low dose DsiRNA (0.005
mg/kg), formulated with the cationic lipid i-Fect, was highly
efficient in reducing the expression of the neurotensin
receptor-2, a G-protein-coupled receptor (GPCR) involved in
ascending nociception, in rat spinal cord through intrathecal
administration. Along with specific decrease in NTS2
mRNA and protein, there is also a significant loss in the
analgesic effect of a selective-NTS2 agonist after administ-
ration of DsiRNA, reaching 93% inhibition for 3—4 days.

POTENTIAL PROBLEMS OF RNAI APPROACH

In an extreme case, RNAi may cause death of animals.
There has been a report demonstrating the death of mice
after Pol III promoter-driven expression of shRNAs in the
liver [46], in part due to saturation of the transport factor,
exportin 5 that ferries miRNAs from the nucleus to the
cytoplasm. But the most common problem of RNAI is the
off-target problem. While many studies support the potency
and specificity of siRNA approaches, the issue of specificity
across tissues and cell types remains unresolved. With the
use of microarrays, it has become increasingly obvious that
introducing foreign siRNAs into the cell alters the expression
of non-target genes, as well as target genes [47-49]; as few
as six or seven nucleotides complementary to the seed region
could result in a specific off-target effect [50] through a
miRNA-like mechanism. Off-target effects can be
minimized by selecting fewer and more potent siRNAs with
minimal matches to off-target genes. Furthermore, chemical
modification of the base at position 2 in the guide strand of
the siRNA has been shown to greatly reduce off-target
effects [51]. Several alogorithms have been used to analyse
siRNAs for off-target effects and can be used for more
effective siRNA design [52, 53].
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It has also been shown that some siRNAs and short
hairpin RNAs (shRNAs), when introduced into mammalian
cells, would activate innate immune responses mediated by
protein kinase response (PKR), interferon (IFN), and Toll-
like receptors resulting in global gene silencing or
inflammatory responses [48, 54-56]. Thus, it is very
important to identify the most potent sequences and to
ensure that the sequence is specific to the target gene by
performing a Blast search and by monitoring genome-wide
expression profiles with microarray screens [57]. It is also
important not to use high doses of siRNAs. We think for
intrathecal injection, a dose of >10 ug siRNA (mixed a
transfection regent) may produce off-target effects in rats
(Tan and Ji, unpublished observation).

CONCLUSIONS AND FUTURE DIRECTIONS

Only a few years after discovery of RNAi, siRNA and
miRNA have become invaluable tool for research in the field
of functional genomics and target validation and in studying
loss of function phenotype, including loss of pain
phenotypes. Accumulating evidence reviewed above stron-
gly suggests that RNALI is a feasible strategy for the valida-
tion of potential pain targets and the development of new
pain therapeutics, although in vivo delivery and off-target
effects remain to be real challenges.

Although direct delivery of synthetic siRNA with a
transfection reagent is easy to carry out, the application of
controlled expression vectors is an important development.
Regulated RNAI expression has been achieved via ecdysone-
or tetracycline-inducible systems [58, 59]. Tet-based systems
have been successfully incorporated into viral vectors
allowing stable, inducible silencing in vitro and in vivo [60,
61]. Inducible knockdown in transgenic animals allows
researchers to examine the function of genes essential during
development in  differentiated tissues.  Conditional
knockdown is also useful for modeling human pathologies in
vivo, to induce and revert at will the shutoff of a disease-
influencing gene. Moreover, controlled expression can be
combined with tissue-specific strategies to allow both
temporal and spatial restriction of RNAi. In pain research,
this leaves the possibility to restore the exact expression of
an endogenous gene once the RNAIi vector is silenced or
removed and to turn the expression of a gene on-and-off at
will. This will provide a possible novel method for short- or
long-term management of pain in the future.

Chronic pain is a major public health problem, and there
is an unmet demand for new therapeutics. However, many
well-validated molecular targets are not modified by drugs.
siRNA has the potential to become the next major class of
therapeutic drugs, because of its potency and selectivity
equally to all molecular targets. This exciting new
technology will shortly be within the reach of clinicians, and
the number of possible applications, including the treatment
of acute and chronic pain syndromes, is rapidly growing.
Some clinical trials using RNAI to treat human diseases have
begun, and biotechnology companies that focus on RNAi-
based therapeutics are already publicly traded [62]. We
expect to see an RNAi-based trial for the treatment of
chronic pain in a near future.
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