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Strategies for In Vivo siRNA Delivery in Cancer
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Abstract: A better understanding of the mechanisms involved in small interference RNA (siRNA) gene silencing opens
new horizons for the development of the targeted therapy of malignant and benign diseases. As a research tool, siRNA has
proven to be highly effective in silencing specific genes and modulating intracellular signaling pathways. However, sys-
temic delivery of siRNA has been more problematic due to degradation and poor cellular uptake. In order to overcome
these limitations, a variety of strategies are being developed including new delivery vehicles and chemical modifications.
Here, we review potential approaches for the systemic delivery of siRNA for cancer treatment.

L. INTRODUCTION

RNA interference (RNAi) was first discovered in the nema-
tode Caenorhabditis elegans by Fire, Mello and colleagues
in 1998 as a natural mechanism leading to post-transcrip-
tional gene silencing [1]. In plants and invertebrates, small
interference RNA (siRNA) is a natural defense mechanism
that protects cells against viruses and transposable elements
[2]. The natural siRNA machinery is also present in mam-
malian cells and can be activated with the introduction of 21
- 22 base nucleotide siRNAs to induce sequence specific
messenger RNA degradation [3].

The mechanism by which siRNA inhibits the conversion of
messenger RNA (mRNA) into protein is well characterized
and has been recently reviewed [4]. Double stranded RNA is
recognized by the endoribonuclease, Dicer and cleaved into
small fragments of around 21 base pairs in length called
siRNA [5]. These RNA fragments bind a protein complex
called RISC (RNA-induced silencing complex) by which one
strand of the duplex is cleaved and discarded [6]. The re-
maining antisense strand guides the RISC complex to the
complementary messenger RNA (mRNA). Next, a RNA
endonuclease within the complex, Argonaute 2 (Ago2) [7],
cleaves the target mRNA, which loses its protection against
specific RNases that cleave mRNA and gets degraded [8, 9].

The explosion in knowledge generated by a growing un-
derstanding of the human genome has led to a concomitant
interest in the potential therapeutic applications of siRNA.
While traditional therapeutic approaches such as small mole-
cule inhibitors [10, 11] and monoclonal antibodies [12, 13]
have been successfully used for cancer therapy, there are
limitations to these approaches. For example, many tyrosine
kinases can have kinase-independent oncogenic functions
such that a small molecule that inhibits receptor phosphory-
lation will not restrict its entire function. Moreover, most
small molecule inhibitors are not specific with regard to tar-
get modulation, which can contribute to toxicity. Addition-
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ally, many targets are simply not “druggable” because the
structure is not known or the protein is quite large. There-
fore, siRNA is a powerful modality that provides another
option for silencing difficult, yet important targets.

The development of this technology is rapidly evolving and
is supported by many biotechnology and pharmaceutical
companies. However, despite the enormous interest, sSiRNA
technology has been difficult to implement due to several
limitations including rapid enzymatic degradation of naked
siRNA and poor cellular uptake. The use of a delivery sys-
tem to improve siRNA pharmacokinetics, avoid degradation
by endonucleases and to enhance tissue target specificity is
needed to move this technology into the clinic. In this paper,
we review the different approaches that have been made us-
ing synthetic carriers for in vivo siRNA delivery.

ILI. IN VIVO DELIVERY OF SIRNA

Some of the key elements for successful use of siRNA as a
therapeutic tool are careful selection of targets and good se-
quence design. Appropriate targets are proteins that are be-
lieved to play a role in growth and progression of cancer. To
avoid toxicity, an ideal target should be selectively expressed
or overexpressed in tumors.

The proper design of siRNAs can be accomplished using
established algorithms that take into account the sequence
length, C and G content and localization of the target se-
quence within the mRNA. Elbashir and collaborators were
the first to describe certain guidelines for siRNA design.
SiRNA sequences must be 21 to 22 nucleotides long [3].
These guidelines include: 1) selection of the DNA target
sequence starting in the region that begins with AA or TT; 2)
siRNAs with 30-50% GC content as these are more effective
than those with a higher or lower GC content; 3) use of 3’
terminal dinucleotide overhang as these can contribute to
more effective activation of the RISC complex [14, 15]. Sev-
eral commercial and academic sources now provide free web
based designer tools that follow these algorithms. Examples
of excellent databases for siRNA design include siDirect
(http://design.RNAi.jp/) [16] and DEQOR (cbg.de/Deqor/
deqor.html) [17].
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For in vivo administration, siRNA must be chemically modi-
fied or coupled to a carrier or vehicle. Unmodified and un-
complexed siRNA has limited value as a drug because: 1)
most mammalian cells do not take up naked siRNA effi-
ciently enough to achieve gene silencing, and 2) naked siRNA
has a very short half-life because of rapid renal clearance and
degradation by endogenous serum RNases [18]. Stabilizing
siRNA by chemical modification is one approach to over-
come these problems. The other is to deliver siRNA incorpo-
rated in a carrier such as liposomes or nanoparticles that
guarantee protection, improvement of cellular uptake and in
some cases, tissue specificity.

Chemical modifications of siRNAs have been performed to
increase stability, resistance to nucleases and reduce off-
target effects. A full review of these modifications is outside
the scope of this paper, but has been recently summarized
[19]. Some examples of chemical modifications that have
been performed to increase resistance to endonucleases are
phosphorothioate linkages and 2’-O-methylation [20]. Modi-
fications to reduce off-target effects include the addition of a
methyl group to the 2’ position of the ribosyl ring of the sec-
ond base of the siRNA [21, 22]. Most modified siRNAs have
been successfully tested in vitro, but their in vivo effects are
sometimes unpredictable. For example, Layzer and associ-
ates demonstrated that siRNA modified with 2’-flouro (2’-F)
pyrimidines showed higher resistance to endonucleases when
cultured in plasma. However, when it was injected intrave-
nously in mice, the potency and inhibitory capacity of these
siRNAs was similar to unmodified siRNAs [23]. However,
some modifications have been successful for in vivo models.
Morrisey and colleagues [24, 25] modified siRNAs to im-
prove elimination half-life and reduced undesirable immu-
nostimulatory properties by substituting 2’OH residues for
2°F, 2°0O-Me or 2’H residues. The stabilized siRNA was
more effective than unmodified siRNA when tested for inhi-
bition of hepatitis B virus (HBV) replication in a mouse
model.

As with any other therapy, toxicity can develop with siRNA
administration. Two potential problems can arise: induction
of interferon (IFN) and off-target effects [26]. Induction of
IFN is believed to be caused by siRNA-mediated activation
of the double-stranded RNA-activated protein kinase (PKR),
an important modulator of the INF pathway [27, 28]. How-
ever, not every siRNA sequence induces interferon activa-
tion, suggesting that this process may be sequence dependent
[29-32]. Off-target effects are another concern with siRNA
administration and are also sequence dependent. Studies with
array-based systems suggest that siRNA can modulate the
expression of genes that are not directly related with the pri-
mary target [21, 33-35]. Off target effects may cause unde-
sired effects and toxicity that would be hard to avoid and
predict. In an attempt to address this problem, computer al-
gorithms have been developed that predict off-target effects
for a siRNA sequence. These tools are accessible as webtools
(for example, dsCheck (http:// dsCheck.RNAi.jp/), a web-
based online software for estimating off-target effects) [36].

III. SYNTHETIC CARRIERS TO DELIVER siRNA

Viral vectors and particulate carriers have been used for the
systemic delivery of siRNA. In both instances, improved
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siRNA tissue delivery was observed in experimental models.
Successful siRNA delivery into malignant cells has been
achieved using amplicon vectors and adenovirus [37, 38].
However, the use of viral vectors for systemic siRNA deliv-
ery may be of limited value due to the risk of toxicity, inser-
tion mutagenesis, immunogenicity, and limitations in large-
scale manufacturing [39]. Therefore, in search of safe and
effective alternatives, many investigators have focused on
using synthetic particles such as liposomes or polymer
nanoparticles. These particles are not only safer, but also
easier to manufacture. Hence, they are the preferred choice
for in vivo siRNA delivery.

1. Delivery of siRNA Using Liposomes

Liposomes are lipid structures characterized in most in-
stances by assembly of phospholipid bilayer membranes with
a varying aqueous compartment. These carriers have already
been used for delivery of chemotherapeutic agents. Liposo-
mal incorporation of chemotherapeutic agents and antimi-
crobials modifies the pharmacokinetics of the drug that is
incorporated and as a result, these carriers can allow modifi-
cation of tissue distribution and pharmacokinetics. Moreo-
ver, some of the side effects that are typically associated with
the use of these anticancer agents can also be reduced with
the use of these carriers [49]. Some chemotherapy drugs ad-
ministered in liposomal formulations have been successfully
used in the clinic to treat cancer patients, like the cisplatin
analog L-NDDP [50] and doxorubicin [51].

Liposomes constitute an effective carrier for in vivo siRNA
delivery. Incorporating siRNA into liposomes provides pro-
tection from degradation, resulting in a reduction of the
elimination half-life and increased potency [52]. The effec-
tiveness of this approach has been established using a variety
of cancer animal models and administration routes (summa-
rized in Table 1). With the use of fluorescent tags, studies
have demonstrated that siRNA can be effectively delivered
into a variety of tumor types when administered in liposomal
formulations using either cationic lipids or neutral lipids.
Gene silencing properties were conserved and all target pro-
teins were down regulated after liposomal siRNA admini-
stration (Table 1). Moreover, decreased tumor growth was
reported as well as increased sensitivity to certain chemo-
therapy drugs.

Despite the encouraging pre-clinical data regarding the use
of liposomes for siRNA delivery, some concerns should be
considered. For example, cationic lipids have been widely
used, but several have been associated with toxicity includ-
ing pulmonary inflammation by oxygen radical release,
complement activation via the alternative pathway and acute
systemic inflammatory reactions [53, 54]. Systemic delivery
of siRNAs using cationic lipids also seems to potentiate the
induction of interferon response [55].

To achieve highly efficient in vivo delivery while minimiz-
ing toxicity, our group has focused on the use of a neutral
lipid, 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC),
for liposomal siRNA delivery. We had previously reported
excellent transfection using this lipid for DNA antisense de-
livery [56]. More recently, we have demonstrated that siRNA
targeted against EphA2 incorporated into DOPC (L-EphA2-
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Table 1. Published Studies Using Liposomes for In Vivo siRNA Delivery in Cancer
Reference Liposome Dose Target Route Animal Model Outcome Toxicity
Orthotopi del of
[40] Neutral lipid (DOPC) 150 ug/kg EphA2 P OIOPIC MOCELOL | o reased tumor size None
ovarian cancer
Chronic stress animal
ADRBI Reduced tu ight
[41] Neutral lipid (DOPC) 150 ug/ke P model for ovarian educed tumor weig None
and ADRB2 and number of nodules
cancer
Slight
Orthotopi del of Reducti f't i
[42] Cationic liposomes 2.17 mg/kg CD31 v otopic modet o eduction o umor- fnerease
human prostate cancer | growth and metastasis AST and
ALT
Lo Model of li tas- . .
[43] Cationic liposome LIC-101 10 mg/kg Bcl-2 v ode Ot 1\fer metas Decreased liver weight None
asis
Cationic li LIC-101 0.1 Subcut: del
[43] ationic iposome me per Bcl-2 SC ubcutancous mode Decreased tumor size None
(as above) mouse of prostate cancer
Cationic liposomes contain-
Intra- Orthotopic bladd
[44] ing a cationic lipid ana- 600 uM PLK-1 " Aa otopie bradder None
vesical cancer model
logue
Cationi diolipi 1 Subcut: breast .
[45] atiome caruolipin analog 7.5 mg/kg c-ras v ubcutancous breas Decreased tumor size None
(CCLA) cancer model
Reduced tumor weight
Orthotopi del of i
[46] Neutral lipid (DOPC) 150 ug/kg FAK P otopic model of | -and improved response None
ovarian cancer to docetaxel and cis-
platin
Cationic cardiolipin . o
Orthot del of Inhibit ftu
[47] liposomes (NeoPhectin- | 7.5 mg/ke, Raf-1 v 0topIc modet 0 nibition ot tumor None
human prostate cancer growth
AT)
Prostate cancer Reduced tumor growth
L 1 ug per . Intra-
[48] Cationic liposomes L Integrin oV xenographs (flank and | both subcutaneous and None
injection tumoral o .
tibia) bony sites

siRNA) was effective in an orthotopic murine model of ovar-
ian cancer [57]. The gene modulation capacity of siRNA was
conserved when administered in vivo using neutral liposomes.
For our initial studies, we targeted the EphA2 receptor tyro-
sine kinase because it is commonly overexpressed in ovarian
and other cancers [58]. Using an orthotopic mouse model of
ovarian carcinoma, we demonstrated reduction in tumor
growth by 30-50% following intravenous delivery of EphA2
siRNA-DOPC. The anti-tumor effect was at least additive
when the EphA2 siRNA-DOPC was administered concomi-
tantly with paclitaxel chemotherapy. Using the same animal
model, we were also able to demonstrate that the administra-
tion of DOPC-siRNA given into the peritoneal cavity was
equally effective as the intravenous route [40]. Since the
initial studies, we have demonstrated the utility of this ap-
proach for many other targets in ovarian [41, 59] and other
cancers (unpublished data). Apart from improved delivery,
DOPC has other advantages including minimal toxicity. Un-
like cationic lipids, DOPC does not induce renal or hepatic
toxicity or changes in hematological parameters [60]. In our
studies to date, no obvious hematological or organ toxicities
have been observed.

The stability of liposomes may be further improved by the
incorporation of polyethylene glycol (PEG) units to the sur-
face, a process called pegylation [61]. Following administra-
tion, liposomes rapidly enter the liver, spleen, kidney and
reticuloendothelial systems. Pegylation is a method that has
been developed to overcome these problems, PEG is non-
toxic, biodegradable, non-immunogenic and FDA approved.
Some pegylated drugs such as Egaspargase for leukemia and
pegademase for severe combined immunodeficiency disorder
have been already FDA approved [62]. Pegylated liposomes
have increased half-life, are less taken up by the liver and
spleen, allowing higher accumulation of the drug in the tu-
mor tissue [63]. Pegylation changes particle surface charge
and size because PEG structure absorbs water. In conse-
quence, pegylated particles show less aggregation [64], re-
duced renal clearance and decreased reticuloendothelial sys-
tem uptake and complement activation [65]. We and others
are examining the utility of pegylation for siRNA delivery.

2. Cationic Polymers

Positively charged polymers are potentially viable carriers
for the negatively charged DNA and RNA. Typically, biode-
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gradable and non-toxic carriers are more desirable. Among
them, polyethyleneimine (PEI) and chitosan have been used
[69]. A summary of the published studies using cationic
polymers for systemic siRNA delivery for cancer therapy
can be found in Table 2.

Conjugation of nucleic acids with PEI is achieved by electro-
static interactions between the positively charged amino
groups of PEI and the negatively charged phosphate groups
of DNA or RNA [70]. The advantage of using PEI among
other polymers is the high transfection efficiency observed.
PEIs have the unique characteristic of buffering the low en-
dosomal pH, a property called “proton sponge effect” that
can lead to the destruction of the endosomes and release of
the nucleic acid into the cytoplasm [71]. In vivo delivery of
low molecular weight PEI/siRNA complex was evaluated in
a subcutaneous xenograft model of ovarian cancer [67]. Fol-
lowing systemic administration of Her-2 siRNA/PEI com-
plex using IV and IP routes, successful intra-tumoral siRNA
delivery was achieved with no signs of acute toxicity [67]. In
another study, siRNA specific for the secreted growth factor
pleiotrophin (PTN) conjugated with PEI reduced tumor
growth and cell proliferation after intracerebral delivery in
an orthotopic glioblastoma mouse model. No toxicity or ab-
normal animal behavior was reported in this model [66].

Chitosan, a polysaccharide extracted from the exoskeleton of
crustaceans and insects, displays many advantages as a
siRNA carrier including a positive charge, biodegradability
and low toxicity [72, 73]. Recent studies demonstrate that in
vitro chitosan nanoparticles were able to deliver siRNA with
almost 100 % transfection efficiency [74]. To date few in
vivo studies have been performed using chitosan for siRNA
delivery. In one study, chitosan/siRNA aministered via nasal
administration was effective in delivering siRNA into bron-
chiolar epithelial cells [80]. Although not related to cancer,
this work demonstrated that chitosan could potentially be
used for local siRNA delivery in lung disease. Another study
using a breast cancer model, Pille and colleagues showed
that anti-RhoA siRNA in chitosan-coated polyisohexylcya-
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noacrylate (PIHCA) nanoparticles injected intravenously
(IV), substantially reduced the size of the tumor without any
reported toxicity [68].

VI. Targeted Delivery of siRNA in Cancer

Target specificity may have different meanings according to
their application. So the elusive “magic bullet” is still far
from being developed. At least three characteristics should
be looked at in a targeted system: First, the drug delivery
vehicle should only reach and deliver therapeutic agents to
target cells. Second, the targeted siRNA should be preferen-
tially (or only) expressed in tumor cells. Third, it is desirable
that both the carrier and the siRNA are eventually degraded.
Are we close to this paradigm? Hardly, but there are a num-
ber of avenues of research that could be exploited. It is pos-
sible that cancer cells can be specifically targeted because
many express unique antigens or receptors that are absent in
normal cells. Targeting the tumor microenvironment by se-
lectively delivering the molecule of interest to the tumor
vasculature is another attractive possibility. Angiogenic ves-
sels from tumor vasculature expressed certain proteins that
are present at low or undetectable levels in normal blood
vessels (for example owv integrins) [81]. A number of the
available delivery systems and siRNA are both biodegrad-
able and some examples of these approaches are discussed
below and had been summarized in Table 3.

IV.1. Folate Modified Particles

An approach that may allow for selective delivery of thera-
peutic agents to tumor cells is targeting the folate receptor
(FR) [82]. Folate is needed for rapid cell growth and most
cancer cells overexpress the folate receptor [83]. It is hy-
pothesized that inhibition of this receptor will lead to sup-
pression of tumor growth. The FR can be targeted using folic
acid or monoclonal antibodies against the receptor. Folic
acid, which is FR high affinity ligand, can be coupled to the
surface of a liposome or polymer either directly or indirectly
using a PEG spacer [82]. Antibodies against the FR can in-

Table 2. Published Studies Using Cationic Polymers for In Vivo siRNA Delivery in Cancer
Refer- Type of . .
. Dose Target Route Animal Model Outcome Toxicity
ence Nanoparticle
. Secreted .
8 ug per injection for eerete U87 glioblastoma
L growth SC, IP and . o
SC and IP administra- . . cells implanted sub- Inhibition of tumor
[66] PEI . factor plei- intra- . None
tion and 0.2 ug for . cutaneous and intrac- growth
. L. otropin cerebral K
intracerebral injection ranial
(PTN)
Subcutaneous model
S HER-2 . Inhibition of tu:
[67] PEI 8 ug per injection ) 1P of ovarian cancer cell niubition Oth mor None
T T T
ecepto SKOV3 row!
Inhibition of tumor
Chitosan-coated growth of about 90%
lvisohexyl Subcutaneous model for the 1 d d | No toxi
olyisohexyl- or the lower dose an o toxic-
[68] poly );yt 150 and 1500 ug/kg Rho v of breast cancer cell et W hibiti ¢ it i x d
nd.
cyanoacrylate MDA-MB-231 complete inhibition o ity fou
(PIHCA) tumor growth for the
higher dose
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Table3. Published Studies Using Targeted Delivery Vehicles for In Vivo siRNA in Cancer Therapeutics
Reference Vehicle siRNA Dose | Gene Target Route Animal Model Outcome Toxicity
Tumor cells
incubated with Nasopharyngeal Suppression of tumor
[75] Folate conjugat'ed pRNA Survivin siRNA Tbefore epidermal car'ci— growth with f'o—' None
nanoparticle being intro- noma (KB) animal late/pRNAsurvivin
duced into the model siRNA complex
mice
DNA/RNA hybrid — cati- Breast Inhibition Her-2
reast cancer nhibition Her-
[76] onic liposome with anti- 3 mg/kg Her-2 v . None
. . model expression
transferrin antibody
DNA/RNA modified . o
[77] hybrid with same immu- 3 mg/kg — Her2 v Pancreatic cancer | Tumor grgwth inhibi- None
. 1.5 mg/kg model tion
noliposome (as above)
Protamine-antibody fusion c-myc Subcutaneous %;izfzg;g;?cr;ﬁie
| by | S| g | et | ot e | o | o
getime = pep ) MDM?2 pressing SiRNAS for all 3
tein was used. noma B16 cells
genes.
Cyclodextrin-containing Targeted prevented
polycations (CDP) self- EWS-FLII Murine model of tumor cell engraft-
[79] assemble with siRNA. As 2.5 mg/kg fusion sene v metastatic Ewing’s | ment and slowed the None
a targeted ligand tranferrin & sarcoma growth of any tumors
was used. that did develop
clude whole antibodies, fragments or derivatives. Between IV.2. Antibodies

both approaches to target the FR, folate is the preferred one
because it is less immunogenic, cost-effective and easy to
store and handle [84]. Folate targeted therapy has been
evaluated for a wide number of therapeutic agents, including
DNA treatment [85]. Recent studies demonstrated that it is
also useful for targeted siRNA delivery. Using a Poly (eth-
ylenimine) (PEI) nanoparticle conjugated with PEG and fo-
late (PEI-PEG-FOL), Kim and colleagues [86] demonstrated
better in vitro siRNA transfection and gene silencing than
using the same complex without folate. This finding indicates
that cell internalization of the complex was achieved via
endocytosis mediated by the FR. Guo and colleagues [75]
created a folate-conjugated packing RNA (pRNA) of bac-
teriophage phi29 DNA packaging motor to deliver chimeric
siRNA. Phi29 DNA packaging motor refers to the motor
proteins that pack DNA from the bacteriophage 29. One im-
portant part of the motor complex, made of RNA and re-
ferred to as pRNA, was used as a drug delivery vehicle be-
cause allowed the coupling of folate and siRNA. Once
internalized by the cell, it was cleaved by dicer allowing the
release of siRNA. These investigators treated luciferase
transfected nasopharyngeal carcinoma cells with a siRNA
against luciferase. Only the complex with the folate conju-
gate was able to silence the luciferase gene, demonstrating
that folate mediated the entry of the complex into tumor
cells. The in vivo activity of the complex was first tested ex-
vivo by transfecting tumor cells with a siRNA specific for
survivin and later implanted in mice. They found inhibition
of tumor growth only when the complex included folate.
However, the utility of this approach for selective systemic
delivery and suppression of tumor growth is not known.

Many antibodies have therapeutic properties, but can also be
used as targeting approaches for drug delivery systems. To
achieve tumor-specificity delivery, careful selection of the
antigen has to be made. Ideal antigens should be selectively
expressed in tumor tissues or overexpressed in malignant
cells compared to normal cells. Examples of antigens that
have been used for drug delivery include Her2 [87] and the
epidermal growth factor receptor [88]. For drug delivery,
either whole monoclonal antibodies or engineered fragments
can be used. Fragments are considered the best approach
because they can be produced in bacteria, making them less
expensive to manufacture and scale up [20].

Recent studies suggest that antibodies can be used for spe-
cifically targeting tumor tissue for siRNA delivery. Pirollo
and colleagues developed a cationic liposome complexed on
the surface with an antibody fragment against the transferrin
receptor (TfR) [77]. This is a cell membrane associated gly-
coprotein require for rapid cellular growth that is up-
regulated in various tumor types [89, 90]. Fluorescent siRNA
complexes in immunoliposomes were administered IV into
an orthotopic pancreatic cancer animal model and a lung
metastasis model. Efficient and specific sSiRNA delivery into
malignant cells was achieved with minimal uptake into nor-
mal tissues. This group used the same carrier to systemically
deliver a 19-mer short hybrid (DNA sense/RNA antisense)
specific for Her-2 [76]. After systemic administration in a
breast and pancreatic cancer animal model, this immuno-
complex showed good silencing of the target gene and inhi-
bition of tumor growth.
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Another group, Song and coworkers, used an antibody frag-
ment against the HIV envelope glycoprotein gp160 (env) for
in vivo siRNA targeted delivery [78]. They delivered siRNA
bound to a protamine-antibody fusion protein called F105-P.
They were able to inhibit HIV replication in HIV infected
primary T-cells with a heavy chain Fab fragment of an HIV-
1 envelope antibody. In vivo, specific cell delivery was con-
firmed after injection of fluorescent siRNA into env-
expressing B16 tumor model. Tumor cells took up siRNA
efficiently without any significant delivery in adjacent tissue.
In contrast, env negative tumors did not take up any siRNA.
Tumor growth inhibition was achieved by delivering siRNAs
against c-myc, MDM2 and VEGF using the same model.
Furthermore, using a single chain antibody fragment that
recognized the ErbB2 receptor siRNA was selectively deliv-
ered to ErbB2 positive cells. Although the latest experiment
was only performed in vitro, it is nevertheless a promising
approach for cancer treatment [78].

IV.3. Peptides and Proteins

Attachment of peptides on the surface of liposomes or
nanoparticles is another approach for delivering genetic ma-
terial into cancer cells. Peptides can be used as a cell pene-
trating aid to facilitate delivery of genetic material into any
cell [91] or as a target moiety to improve siRNA specificity
for tumor tissue. Cell penetrating peptides (CPP) have been
used to deliver therapeutic agents into a variety of cells. CPP
are peptides of about 30 or less amino acids that have the
ability to translocate across the cell membrane [92]. Zhang
and colleagues described a novel approach for siRNA deliv-
ery using a liposome bearing a synthetic arginine-rich CPP
called R8 [91]. The particles were stable and the system
showed high transfection efficiency in vitro into lung tumor
cells. However, the in vivo efficiency of this approach needs
to be demonstrated [91]. To date, no other reports are avail-
able for siRNA delivery using targeting peptides.

Proteins can also be used for targeted delivery into tumor
cells. Proteins that are used include natural ligands for some
cells surface receptors. Hu-Lieskovan and associates devel-
oped a delivery system using a particle made of cyclodex-
trin-containing polycation complexed with transferrin [79].
The transferin receptor is overexpressed on many cancer
cells and can also be targeted using monoclonal antibodies.
In a mouse model of metastatic Ewing’s sarcoma, successful
delivery of siRNA specific for EWS-FLII was achieved with
anti-tumor effects. Removal of the targeted ligand did not
have any anti-tumor effects indicating that siRNA transfec-
tion was dependent on the TfR-induced endocytosis. The
same group performed pharmacology and safety studies us-
ing the same targeted nanoparticle in non-human primates
[93]. For siRNA doses commonly used for in vivo studies (3
mg/kg and 9 mg/kg), the particles were well tolerated. For
higher doses of 27 mg/kg, however, the animals developed
renal and liver toxicities and had increased levels of IL-6 and
IFN-A. This study is interesting because it evaluated targeted
delivery of siRNA in non-human primates and suggested that
therapeutic doses may be well tolerated.

FUTURE DIRECTIONS

Use of siRNA as a method of gene silencing has rapidly be-
come a powerful tool for protein function delineation, gene
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discovery and drug development. Currently, remarkable ef-
forts are being made to take this technology into the clinic.
Some phase I clinical trials have been already performed
using local siRNA delivery to treat macular degeneration and
respiratory syncytial virus (RSV) [94], with no major toxic-
ity reported. Although some groups are planning future
phase I clinical trials for systemic siRNA delivery to treat
cancer, none have been started to-date. To succeed in this
task, it has become evident that siRNA requires utilization of
delivery vehicles to prevent degradation and improve phar-
macokinetics. SIRNA offers opportunities for targeting key
oncogenic pathways that would not be “druggable” with
other methods. With caution and a methodical approach,
siRNA offers hope for developing new therapeutic strategies
for cancer patients.
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