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In vivo activity of nuclease-resistant siRNAs
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ABSTRACT

Chemical modifications have been incorporated into short interfering RNAs (siRNAs) without reducing their ability to inhibit
gene expression in mammalian cells grown in vitro. In this study, we begin to assess the potential utility of 2�-modified siRNAs
in mammals. We demonstrate that siRNA modified with 2�-flouro (2�-F) pyrimidines are functional in cell culture and have a
greatly increased stability and a prolonged half-life in human plasma as compared to 2�-OH containing siRNAs. Moreover, we
show that the 2�-F containing siRNAs are functional in mice and can inhibit the expression of a target gene in vivo. However,
even though the modified siRNAs have greatly increased resistance to nuclease degradation in plasma, this increase in stability
did not translate into enhanced or prolonged inhibitory activity of target gene reduction in mice following tail vein injection.
Thus, this study shows that 2�-F modified siRNAs are functional in vivo, but that they are not necessarily more potent than
unmodified siRNAs in animals.
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INTRODUCTION

RNA interference (RNAi) is a highly conserved biological
response to double-stranded RNA that mediates post-tran-
scriptional sequence-specific gene silencing (for review, see
Hannon 2002; McManus and Sharp 2002; Dykxhoorn et al.
2003). The RNAi phenomenom was originally discovered in
Caenorhabditis elegans in which delivery of only a few mol-
ecules of double-stranded RNA (dsRNA) per cell can en-
gender gene-specific silencing throughout the entire organ-
ism and its progeny (Fire et al. 1998). The mechanism of
RNAi involves the generation of short dsRNAs, termed
short interfering RNAs (siRNAs), approximately 21 nucleo-
tides in length by the enzyme Dicer (Hamilton and Baul-
combe 1999; Hammond et al. 2000; Zamore et al. 2000;
Bernstein et al. 2001). This observation led to the discovery
that direct delivery of siRNAs into mammalian cells can
trigger gene-specific silencing (Elbashir et al. 2001). How-
ever, the longevity of siRNA-mediated gene silencing in
mammalian cells appears to be greatly reduced compared to
RNAi activity in other eukaryotes, such as C. elegans (Mc-
Manus and Sharp 2002).

The observation that siRNAs can be employed to inhibit
gene expression in mammalian cells in vitro (Elbashir et al.
2001) has led to much speculation about their potential
utility as therapeutic agents. To administer siRNAs as thera-
peutic agents, two main strategies are being explored. A
number of studies have focused upon designing gene deliv-
ery and expression systems for short hairpin RNAs
(shRNAs; Lee et al. 2002; Miyagishi and Taira 2002; Paul et
al. 2002; Sui et al. 2002). Using such a gene-therapy-based
approach, shRNAs have been shown to inhibit hepatitis B
virus (HBV) expression in animal models (McCaffrey et al.
2003). The second strategy focuses on the use of synthetic
siRNAs that are chemically modified to confer resistance to
nuclease degradation. Recently, a few modifications have
been described that greatly increase the nuclease-resistance
of siRNAs without compromising their activity in cell cul-
ture studies (Braasch et al. 2003; Chiu and Rana 2003;
Czauderna et al. 2003; Harborth et al. 2003). In particular,
siRNAs that have been modified with 2�-flouro (2�-F) py-
rimidines appear to have favorable properties in vitro (Chiu
and Rana 2003; Harborth et al. 2003). Moreover, one report
recently suggested 2�-F modified siRNAs have enhanced
activity in cell culture as compared to 2�-OH containing
siRNAs (Chiu and Rana 2003). In this study, we examine
the utility of 2�-F containing siRNAs in a murine model to
begin to determine if such nuclease-resistant siRNAs can
inhibit gene expression in vivo and if such modifications
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enhance the activity of the modified siRNAs relative to un-
modified siRNAs in mammals. Our results demonstrate
that 2�-F modified siRNAs are functional in mice but that
they do not necessarily have enhanced intracellular activity
over 2�-OH siRNAs.

RESULTS AND DISCUSSION

Effect of 2� modification on siRNA activity in vitro

Increasing the stability of siRNA to nuclease degradation
could potentially increase siRNA half-life and therefore
therapeutic potential in cells and animals. In particular, 2�-F
pyrimidines have been incorporated into RNA to reduce
nuclease-mediated degradation of the RNA transcripts
(Pieken et al. 1991; Rusconi et al. 2002). Moreover, Chiu
and Rana (2003) recently demonstrated that siRNAs modi-
fied with 2�-flouro-uridine (2�-FU) and 2�-flouro-cytidine
(2�-FC) have activities comparable to unmodified siRNAs

in their ability to knock down expression of a green fluo-
rescence protein (GFP) reporter gene in cell culture. We
employed the siRNA-luciferase reporter system developed
by Elbashir et al. in 2001 to test the effects of 2�-F pyrimi-
dine modifications on siRNA activity in NIH/3T3 cells. As
shown in Figure 1A, both 2�-F and 2�-OH containing GL2
siRNAs suppressed GL2-luciferase expression by a similar
amount, as did 2�-F-2�-OH hybrid siRNAs (data not
shown). This suppression was approximately 30-fold com-
pared to 2�-F or 2�-OH inverted control siRNAs and vector
transfected cells. In addition, as illustrated in Figure 1, B
and C, the siRNA-mediated inhibition was specific for its
intended target sequence, as 2�-F GL2 siRNA did not inhibit
pGL3 expression and vice versa. To determine if 2�-F
siRNAs are more potent than 2�-OH siRNAs at lower con-
centrations, an siRNA titration experiment was performed.
No significant differences in the interference of luciferase
expression were observed between 2�-OH and 2�-F siRNA
over a range of concentrations. (Fig. 1D) These results de-

FIGURE 1. Comparison of 2�-OH and 2�-F siRNAs in cell culture. NIH-3T3 cells were transfected with pGL2 or pGL3 luciferase plasmids and
2�-OH or 2�-F siRNA. Normalized luciferase activity was calculated by dividing luciferase counts by Renilla counts and normalizing to the vector
control. (A) Activity of 2�-OH and 2�-F GL2 siRNA against pGL2 luciferase target. Six replicates are shown (mean ± SEM). (B, C) 2�-F siRNA
show specificity for their respective targets. (D) The inhibitory effects of 2�-OH siRNAs (open circles) and 2�-F siRNAs (closed triangles) titrate
similarly. Three replicates are shown (mean ± SEM).
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monstrate that modification of siRNA with 2�-F pyrimi-
dines does not have an adverse effect on siRNA suppression
of luciferase expression in this system and are consistent
with the results reported on inhibition of GFP expression
(Chiu and Rana 2003). Moreover, the experiments demon-
strate that 2�-F modification of siRNA does not greatly af-
fect target specificity as seen in its ability to distinguish
between the GL2 and GL3 luciferase target RNAs.

Effect of 2�-F modification on siRNA stability

As there does not seem to be any decrease in activity of 2�-F
modified siRNA compared to unmodified 2�-OH siRNA,
we directly tested the stability of modified versus unmodi-
fied siRNAs in a biological fluid. We incubated 5� 32P-
labeled 2�-F and 2�-OH GL2 siRNAs in human plasma and
measured the amount of intact RNA present following vari-
ous incubation times. As shown in Figure 2, 2�-F modified
siRNA showed a dramatic increase in
stability over 2�-OH siRNA. Greater
than 50% of the 2�-OH siRNA was de-
graded within the first minute of expo-
sure to plasma and it was virtually all
degraded by 4 h. By contrast, more than
50% of the 2�-F siRNA molecules re-
mained full length after 24 h. In addi-
tion, more than 25% of the 2�-F siRNA
remained intact after 48 h, a level com-
parable to the 1-min time point for 2�-
OH. These results show that 2�-F modi-
fication of siRNA does indeed dramati-
cally increase the molecule’s stability in
human plasma compared to unmodified
siRNA.

Given that 2�-F modification of
siRNA results in a significant increase in
stability in vitro, we hypothesized that

2�-F modified siRNA would have
longer lasting effects in cell culture.
We transfected 2�-OH and 2�-F GL2
siRNA into the HeLa R19-Luc cell line
that stably expresses the GL2 luciferase
gene. We assayed suppression of lucif-
erase over a period of 5 d (Fig. 3). Sur-
prisingly, we saw little difference in the
duration or magnitude of suppression
between 2�-F and 2�-OH siRNAs.
Whereas the amount of inhibition of
luciferase activity was similar for both
siRNAs, 2�-F siRNA induced only a
slightly increased level of inhibition
compared to 2�-OH over time. This
observation contrasts with the results
obtained by Chiu and Rana (2003),
who reported that in their system the

effects of 2�-F modified siRNA were more persistent than
that of unmodified siRNA. The difference in results may be
due to the system used. Whereas we used a cell line that was
stably transfected with a reporter vector, Chiu and Rana
used transient transfection of their reporter vector, which
could have been diluted out of the cells over time as they
divided. In addition, in our system we are constitutively
expressing luciferase; as the cells divide the siRNA is being
diluted but the reporter is not. This latter approach may
more closely approximate the conditions found in vivo.
Finally, our results are consistent with those of Song et al.
(2003), who recently demonstrated that 2�-OH siRNA ac-
tivity is limited by dilution in cell culture, not intracellular
stability.

Effect of 2�-F modification on siRNA activity in vivo

To test the effects of 2�-F modifications of siRNA activity in
vivo, we utilized a hydrodynamic transfection method to

FIGURE 2. siRNA stability in plasma. siRNA quantities at various time points were calculated
by dividing the total counts of full-length siRNA by the input starting material. The stability of
2�-F (squares) and 2�-OH (triangles) siRNAs in human plasma are compared over a period of
48 h.

FIGURE 3. 2�-F and 2�-OH siRNA effects over a 120-h time course. The luciferase activities
of 2�-OH (triangles) and 2�-F (open circles) siRNAs were compared over a 120-h time course
in a HeLa cell line constitutively expressing luciferase (squares). The luciferase activities of nine
replicates were normalized to mock transfected cells.
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codeliver pGL3 luciferase reporter plasmids and synthetic
2�-OH and 2�-F GL3 siRNAs. High-pressure injection of
naked DNA into the tail vein of rodents leads to efficient
transgene expression in the liver (Liu et al. 1999; Zhang
et al. 1999). Recently, we modified the hydrodynamic trans-
fection method described above in order to codeliver
siRNAs (McCaffrey et al. 2002a, 2003) and luciferase ex-
pression plasmids to the livers of mice. Luciferase expres-
sion was monitored in living animals using quantitative
whole-body imaging (Contag et al. 1997). As seen in Figure
4, both 2�-OH and 2�-F siRNA were able to reduce lucifer-
ase expression in vivo by greater than 85%. However, this
suppression decreased over time (Fig. 5). Moreover, 2�-F
modification of the siRNA did not grant an advantage to
either the magnitude or duration of response, in agreement
with the response observed in the cell culture experiments.
A change in delivery method of siRNA from high pressure
to low pressure resulted in abolishing siRNA activity, pre-
sumably because not as much siRNA was taken up by the
liver (Fig. 5). It is also relevant to note that the addition of
RNase inhibitors to the injection cocktail did not yield any
obvious enhancement of 2�-OH siRNA effect and stability.
In contrast, delivery of functional luciferase mRNAs to the
livers of mice by hydrodynamic transfection requires for-
mulation with RNasin (McCaffrey et al. 2002b). Thus
double-stranded siRNAs may be more resistant to nuclease
degradation during delivery compared to long single-
stranded RNAs. Hydrodynamic transfection results in rapid
cytoplasmic delivery of nucleic acids. Although 2�-F modi-
fied siRNAs have much greater stability in plasma than 2�-

OH siRNA, it is possible that when this delivery system is
used, the molecules are delivered and induce a response
before significant degradation can occur. Furthermore,
these data suggest that once siRNAs are localized within the
cell, modifications that enhance nuclease stability do not
influence activity or persistence. Nevertheless, these studies
clearly demonstrate that nuclease-resistant siRNAs are
functional in mammals. Thus it will be interesting to de-
termine if such stability translates into improved siRNA
activity in other animal models, disease settings, or in the
context of other delivery modalities.

MATERIALS AND METHODS

RNA preparation

Single-stranded 21-nt RNAs were chemically synthesized by Dhar-
macon Research, Inc. Synthetic oligonucleotides were desalted,
deprotected, and gel purified. The sequences for GL2, GL3, and
the inverted GL2 siRNAs have been previously reported (Elbashir
et al. 2001). All pyrimidines in both sense and antisense strands
were modified with 2�-F pyrimidines. To anneal the siRNAs, 20
µM single strands were incubated in annealing buffer (100 mM
potassium acetate, 30 mM HEPES at pH 7.4, 2 mM magnesium
acetate) at 95°C for 1 min, then at 37°C for 1 h.

Cell culture and transfections

NIH/3T3 cells were maintained at 37°C, 5% CO2 in DMEM
(Gibco) supplemented with 10% fetal bovine serum (Gibco). HeLa

FIGURE 4. 2�-F modified siRNA inhibits gene expression in living mice. Representative bioluminescence images of light emitted from living mice
transfected, 2 d earlier, with the luciferase expression plasmids pGL3-control. Mice (N = 4–5 mice per group) received pGL3-control alone (A)
or were cotransfected with (B) 2�-OH GL3 siRNA, (C) 2�-OH GL3 siRNA and the RNase inhibitor, RNasin, (D) 2�-F GL3 siRNA, (E) 2�-F inverted
GL2 siRNA. The mouse in panel F received a low pressure i.v. injection of 2�-F GL3 siRNA on day 1 to test if stabilized siRNAs could be taken
up by the liver without hydrodynamic transfection. Mice in panels B, C, and D show significant reductions in emitted light as a result of RNA.
Hydrodynamic transfection with 2�-F inverted GL2 siRNA and low pressure i.v. transfection of 2�-F GL3 siRNA did not result in significant RNAi.
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R19-Luc cells were maintained at 37°C, 5% CO2 in DMEM
(Gibco) supplemented with 10% fetal bovine serum (Gibco) and
5 µg/mL blasticidin (Invitrogen). Cells were regularly passaged to
maintain exponential growth.

Sixteen hours before all transfections, cells were trypsinized,
diluted with fresh media, and plated 5 × 104 cells per well in 24-
well plates. Cotransfection of siRNA and reporter plasmids into
NIH/3T3 cells was carried out using Superfect (Qiagen) following
the protocol provided by the manufacturer for transient transfec-
tion of adherent cells. Per well, 1 µg of pGL2-control or pGL3-
control (Promega), 1 ng pRL-TK (Promega), and 0.26 µg siRNA
duplex were used with a final volume of 360 µL. Each experiment
was repeated in triplicate. Cells were incubated at 37°C, 5% CO2

for 24 h, and luciferase and Renilla expression was monitored
using the Dual-Luciferase Reporter 1000 Assay from Promega.
Luciferase and Renilla readings were taken on the EG&G Berthold
Lumat LB 9507 using 100 µL reagent and a 28-sec reading time per
sample. For the time course experiments, HeLa/R19-Luc cells were
transfected with 20 pmoles of siRNA per well using GeneSilencer
siRNA Transfection Reagent (Gene Therapy Systems) according to
the protocol provided by the manufacturer for transfection of
adherent cells. Cells were incubated at 37°C, 5% CO2 for desired
times. At 24 h, one sample set was read and a duplicate plate was
trypsinized and split 1:5 into new 24-well plates. Luciferase ex-
pression was monitored using the Dual-Luciferase Reporter 1000
Assay from Promega.

Reporter plasmids were amplified in XL-1 Blue (Stratagene) and

purified using Clonetech’s NucleoBond Plasmid Maxi kit, both per
manufacturer’s instructions.

RNA stability

siRNA was 5�-end labeled using T4 Polynucleotide Kinase (New
England Biolabs) and [�-32P]ATP (Amersham Biosciences). Ten
picomoles of labeled siRNA was then incubated at 37°C in 500 µL
pooled human plasma (George King Bio-Medical Inc.) containing
5 U heparin (Elkins-Sinn, Inc.) and 5 mM calcium chloride. At
each time point, 2 µL plasma was removed and added to 8 µL TE
and 10 µL 2× loading dye (0.5× TBE, 6% Ficoll, 0.1% bromophe-
nol blue, 0.1% xylene cyanol FF), frozen on dry ice, and stored at
−20°C. An additional 5 units of heparin were added after the 24-h
time point was taken. A starting time point was taken by calcu-
lating how many counts were in each 2-µL sample and using that
number of counts of labeled siRNA. When all time points had
been taken, the samples were thawed and run on a 15% nonde-
naturing TBE acrylamide gel at 10 W for approximately 2 h. The
gel was then exposed to a phosphorimager screen for 2 h and
quantified on a Molecular Dynamics Storm 840 Phosphorimager.
The total counts of the full-length siRNA band at each time point
were divided by the total counts of the starting material to deter-
mine the percentage full length siRNA remaining.

Hydrodynamic transfections and
bioluminescence imaging

Hydrodynamic transfections of plasmids in PBS were carried out
as described (Liu et al. 1999; Zhang et al. 1999) with some modi-
fications (McCaffrey et al. 2002a). Briefly, 1.8 mL of DPBS (with
no MgCl2 or CaCl2) was mixed with 3 µg of pGL3-Control (Pro-
mega), 3 µg of pThAAT (Yant et al. 2000), 10 µg of indicated
siRNA, and if indicated, 20 µL of recombinant RNasin (Promega).
This mixture was introduced by tail vein injection over a period of
5 sec. Mice that did not receive the injection in one smooth bolus
were excluded without analysis. The mice in the “low pressure”
group received 3 µg of pGL3-Control on day 0 followed by a slow
infusion of GL3 siRNA in 200 µL of DPBS the following day to
assess uptake of siRNAs in the absence of hydrodynamic transfec-
tion. Light emitted as a result of luciferase reporter expression was
monitored using whole-body imaging of in vivo luciferase activity
(Contag et al. 1997). At indicated times, 80 µL of 30 mg/mL
luciferin (Biosynth International) was injected i.p. Ten minutes
post-injection, live anesthetized mice were imaged for 10 sec to 1
min using an intensified CCD camera (IVIS Imaging System, Xe-
nogen). A representative mouse whose emitted light was closest to
the average for that group (4–5 mice per group) is shown (Fig. 4).
This image is comprised of a pseudocolor image representing in-
tensity of emitted light (red most intense and blue least intense)
superimposed on a grayscale reference image (for orientation).
Serum hAAT levels were measured by ELISA at day 3 as described
(Yant et al. 2000) and were similar in all groups, indicating that
transfection efficiencies were similar in each group (data not
shown). Eighteen- to 22-g female BALB/c mice were obtained
from Jackson Laboratory. Animals were treated according to NIH
Guidelines for Animal Care and the Guidelines of Stanford Uni-
versity.

FIGURE 5. Inhibition of luciferase activity over time. Compared to
mice that received pGL3-control alone, the amount of light emitted
from mice as a result of luciferase activity is reduced upon hydrody-
namic transfection with siRNAs and 2�-F siRNAs but not with control
2�-F siRNAs. Maximal RNAi was observed at 48 h post-transfection
and the degree of inhibition declined over time. Administration of
2�-F siRNAs by low pressure i.v. transfection did not result in sub-
stantial gene silencing, presumably because these RNAs are not effi-
ciently taken up by hepatocytes in vivo.
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