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ABSTRACT

RNA interference (RNAi), mediated by either long
double-stranded RNA (dsRNA) or short interfering
RNA (siRNA), has become a routine tool for
transient knockdown of gene expression in a wide
range of organisms. The antisense strand of the
siRNA duplex (antisense siRNA) was recently
shown to have substantial mMRNA depleting activity
of its own. Here, targeting human Tissue Factor
mRNA in HaCaT cells, we perform a systematic com-
parison of the activity of antisense siRNA and
double-strand siRNA, and find almost identical
target position effects, appearance of mRNA cleav-
age fragments and tolerance for mutational and
chemical backbone modifications. These observ-
ations, together with the demonstration that excess
inactive double-strand siRNA blocks antisense
siRNA activity, i.e. shows sequence-independent
competition, indicate that the two types of effector
molecules share the same RNAi pathway. Interest-
ingly, both FITC-tagged and 3’-deoxy antisense
siRNA display severely limited activity, despite
having practically wild-type activity in a siRNA
duplex. Finally, we find that maximum depletion of
target mRNA expression occurs significantly faster
with antisense siRNA than with double-strand
siRNA, suggesting that the former enters the RNA.i
pathway at a later stage than double-strand siRNA,
thereby requiring less time to exert its activity.

INTRODUCTION

In Caenorhabditis elegans specific depletion of mRNA was
found both with the antisense and, surprisingly, the sense
strand of RNA (1), leading to the discovery of RNA
interference (RNAi) by Andrew Fire and co-workers (2).
The potent RNAIi process, whereby double-stranded (ds)RNA
causes specific interference with the expression of the
corresponding endogenous genes, appears to function in the
defence against virus and transposons. This defence has

subsequently been shown to exist in a wide range of species
(3-5). With the demonstration of the efficacy of short
interfering RNAs (siRNA) in human cells (6-8), a valuable
tool for both research and therapeutics was created. Now the
development has come full circle with the recent reports that
~21 nt single-stranded antisense siRNA is almost as potent as
the siRNA duplex (9-11).

The double-strand siRNA appears to be incorporated into an
inactive RISC complex, requiring unwinding of the duplex
with concomitant loss of its sense strand for conversion into an
active complex (RISC*) (12). The antisense siRNA is also
incorporated into RISC in HeLa cell extracts and supports
RISC-specific target RNA cleavage, although at lower
efficiency than the siRNA duplex (9,10). The highly diverging
estimates of the size of RISC (10,12,13), together with the
reports of additional RISC-like complexes (14—17) associated
with both siRNA and the related microRNAs (18), suggest
the existence of various distinct complexes with possible
involvement in different RNAi pathways.

Here we compare antisense and double-strand siRNA using a
range of different oligos, demonstrating that the two types of
effector molecules behave very similarly with regard to mRNA
target position effects, cleavage fragment production and
tolerance for chemical and mutational modifications. Further-
more, antisense siRNA can be blocked by competition with
excess inactive double-strand siRNA. Interesting exceptions
are antisense siRNAs modified in the 3’-terminus with either a
3’-deoxyribose instead of ribose or a FITC group in the 3"-OH
position. These display severely limited activity, despite having
practically wild-type activity in a siRNA duplex. Time-course
experiments also showed a difference. They demonstrated that
antisense siRNA depleted target mRNA faster than siRNA,
possibly due to the direct incorporation of the former into
RISC. Overall, our data suggest that antisense and double-
strand siRNA work through the same RNAi pathway, although
the 3’ end of the antisense strand may be treated differently in
double-strand siRNA and antisense siRNA.

MATERIALS AND METHODS
RNAI antisense preparation

The 21 nt RNAs were synthesized as described (11,19).
Antisense RNA were designated as-N, with N being the
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Table 1. List of RNA molecules synthesized

Unmodified double-stranded and antisense siRNA
hTF167i
as-77
as-158
as-161
as-164
as-167
as-170
as-173
as-176
as-256
as-372
as-478
as-562
as-929

Modified versions of antisense siRNA as-167

as-s3
as-s7
as-s10
as-s13
as-sl6
as-M0+2
as-M1+1
as-M2+2
as-M2+4
as-M4+4
as-M4+6
as-M6+6
as-M6+8
as-FITC
as-3d

Modified versions of double-strand siRNA hTF167i
MO+2

M1+l

M2+2

M2+4

M4+4

M4+6

M6+6

M6+8

hTF167-3d

Strands/target position in human Tissue Factor
double-strand siRNA at hTF167
antisense siRNA at hTF77
antisense siRNA at hTF158
antisense siRNA at hTF161
antisense siRNA at hTF164
antisense siRNA at hTF167
antisense siRNA at hTF170
antisense siRNA at hTF173
antisense siRNA at hTF176
antisense siRNA at hTF256
antisense siRNA at hTF372
antisense siRNA at hTF478
antisense siRNA at hTF562
antisense siRNA at hTF929

Modification in antisense strand (nt, nucleotide,
numbering from 5" end)

mutated (C—G) at nt 17

mutated (G—C) at nt 13

mutated (C—G) at nt 10

mutated (G—C) at nt 7

mutated (G—C) at nt 4

2-O-methylated 2 nt on 3’

2-O-methylated 1 nt on 5" and 3’

2-O-methylated 2 nt on 5" and 3’

2-O-methylated 2 nt on 5" and 4 nt on 3’

2-O-methylated 4 nt on 5" and 3’

2-O-methylated 4 nt on 5" and 6 nt on 3’

2-O-methylated 6 nt on 5" and 3’

2-O-methylated 6 nt on 5" and 8 nt on 3’

FITC-group on 3’ position on 3" nt

3’-terminal ribose replaced with 3’-deoxyribose

Modifications in both strands (except hTF167-3d)
2-O-methylated 2 nt on 3’
2-O-methylated 1 nt on 5" and 3’
2-O-methylated 2 nt on 5" and 3’
2-O-methylated 2 nt on 5" and 4 nt on 3’
2-O-methylated 4 nt on 5" and 3’
2-O-methylated 4 nt on 5" and 6 nt on 3’
2-O-methylated 6 nt on 5" and 3’
2-O-methylated 6 nt on 5" and 8 nt on 3’
Antisense strand 3’-terminal ribose replaced with
3’-deoxyribose

corresponding siRNA and mRNA target position (19). The
various mutated and chemically modified versions of as-167
were designated as-X, where X is the corresponding siRNA
(11). A previously synthesized version of as-167 (as-3d) had a
3’-deoxyribose as the 3’-terminal nucleotide. The siRNAs
mentioned in this paper are summarised in Table 1.

Cell culture and transfections

The human keratinocyte cell line HaCaT was cultured in
serum-free keratinocyte medium (Gibco BRL) supplemented
with 2.5 ng/ml epidermal growth factor and 25 pg/ml bovine
pituitary extract. The cell line was regularly passaged at sub-
confluence and plated 1 or 2 days before transfection. HaCaT
cells in 6-well plates were transfected at low confluency
(<40%) with 1.0 ml 100 nM double-strand siRNA in serum-
free medium, using Lipofectamine 2000. For complexation, a
10 uM stock solution of double-strand siRNA or 20 uM stock
solution of antisense siRNA was diluted with a 10X volume of

serum-free medium and mixed with an equal volume of
medium-diluted Lipofectamine 2000, at a ratio of liposome to
siRNA of 5:2 v/w. Batch dilutions of liposomes were
performed for each 6-well plate and preincubated at room
temperature for 5-7 min before addition to the medium-
diluted siRNA. Complexes were replaced with full medium
5 h after initiation of transfection. For standard assays of
activity, cells were harvested the day after transfection. For
longer incubations and time-course experiments, medium was
replaced every second day after transfection. In time-courses
with actinomycin D (Sigma), 10 pg/ml was added 2 h into the
transfection period.

Northern analysis

Polyadenylated mRNA was isolated using Dynabeads
oligo(dT),s (Dynal). Isolated mRNA was fractionated by
electrophoresis for 16-18 h on 1.3% agarose/formaldehyde
(0.8 M) gels and blotted onto nylon membranes



(MagnaCharge; Micron Separations). Membranes were
hybridised with random primed Tissue Factor (position
61-1217 in cDNA) and GAPDH (1.2 kb) cDNA probes in
PerfectHyb hybridisation buffer (Sigma).

RESULTS

Antisense siRNA shows lower activity than
double-strand siRNA

We have previously shown that the maximum depletion
of Tissue Factor mRNA by antisense siRNA, at 200 nM
concentration, approaches that achieved by the corresponding
siRNA at 100 nM (19). As double-strand siRNA-mediated
inhibition reaches saturation at substantially lower concentra-
tions than that used for antisense siRNA, the latter might still
be substantially less active than double-strand siRNA at lower
concentrations. Dose dependence experiments demonstrated
that double-strand siRNA was active at ~5-6-fold lower
concentrations than antisense siRNA (Fig. 1A). Their 1Csq
values were estimated at 5 and 30 nM, respectively.

Antisense siRNA has target position dependence

A comparison between antisense and double-strand siRNA
cannot, of course, conclusively prove a shared RNAi
pathway, but major deviations between the two could very
well decisively disprove our hypothesis of a shared RNAi
pathway. We therefore decided to investigate whether anti-
sense siRNA would have the same position effects demon-
strated previously for double-strand siRNA (19,20). The
efficacies of antisense RNAs targeting sites in the Tissue
Factor mRNA coding region from the start codon (as-77) to
the stop codon (as-929) were evaluated in a quantitative
northern assay (Fig. 1B). The results confirmed the position
dependence of antisense siRNA efficacy, with the rank order
of effectivity correlating strongly with inhibitory data for the
corresponding double-strand siRNAs (hTF167 > hTF372 >
hTF173, hTF164 > hTF256 > hTF161, hTF562) (Pearson’s
coefficient for bivariate correlation of inhibition 0.967,
P <0.001,n="7).

Going from global position effects to investigate the local
area on the mRNA close to the best antisense siRNA, as-167,
using overlapping oligos differing only by 3 nt from each
neighbour, we found that the activity differed sharply with
each nucleotide triplet shift (Fig. 1C). The order of effectivity
also correlated here with the double-strand siRNA efficacy
order.

Antisense siRNA produces mRNA cleavage fragments

Evidence for RNAi-induced endonucleolytic cleavage of
mRNA in mammalian cells was obtained in our previous
work (19). Similar cleavage fragments were generated by the
antisense siRNAs as-167 and as-372, targeting the two most
accessible sites (Fig. 1B), with as-167 producing a larger
cleavage fragment than as-372, as the as-372 target site is
closer to the 3" end on the target mRNA. This shows that
antisense and double-strand siRNA both mediate endonucle-
olytic cleavage of target mRNA in a manner resulting in an
apparent partial protection of a part of the degraded mRNA,
possibly caused by kinetic or structural conditions. This
strengthens the case for a common RNAi pathway.
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Figure 1. Antisense and double-strand siRNA show identical positional
effects against the same target sites on Tissue Factor mRNA. (A) Dose
dependence of double-strand (ds) and antisense (as) siRNA. Complexation
with Lipofectamine 2000 was performed in one batch for all samples and
complexes were diluted in medium immediately before addition to cells.
(B) Global and (C) local target position effect. (B and C) Northern analysis
of Tissue Factor mRNA after transfection of HaCaT cells with various anti-
sense siRNA (200 nM) or double-strand (100 nM) siRNA. GAPDH was
used as a control. Arrowheads (B, right panel) indicate cleavage products
for antisense and double-strand siRNA.
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Antisense siRNA is gradually affected by mutations

We have earlier demonstrated a relatively high tolerance for
mutations in a double-strand siRNA with high activity (11).
These mutated siRNAs, which display a wide range of
activities, provided a further test of the correspondence
between antisense and double-strand siRNA activity. Screen-
ing of a set of mutated antisense siRNAs demonstrated the
same rank order of activity for the antisense candidates as for
the corresponding siRNA duplexes (Fig. 2).

Antisense siRNA is gradually affected by nucleotide
methylation

In a further characterisation of the functional anatomy of
antisense siRNA, we investigated the effects on activity of
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Figure 2. Mutational inactivation of the antisense siRNA as-167. Northern
analysis of Tissue Factor mRNA after transfection of HaCaT cells with
200 nM as-167 (wild-type, wt) or single mutated (as-s3, as-s7, as-sl0,
as-s13 or as-s16; the numerals refer to the position of the mutation, counted
from the 5" end of the siRNA sense strand) versions of antisense siRNA
as-167. GAPDH was used as a loading control.

gradually increasing degrees of 2’-O-methylation, as pre-
viously reported for double-strand siRNA (11). The mRNA
depletion achieved with chemically modified antisense siRNA
(Fig. 3A) mirrored the previously observed gradual attenu-
ation of double-strand siRNA activity by chemical modifica-
tion (11) (Fig. 3B). The antisense siRNA with very few
modifications (as-M0+2 and as-M1+1) had almost the same
activity as the wild-type as-167, while more extensive
methylation resulted in a gradual decline in activity, more
pronounced with antisense siRNA. Exceptions here are M2+2
and M2+4, which lost disproportionally more activity.

Antisense siRNA modified in the 3’-terminal 3’-OH
position displays much lower activity than
corresponding double-stranded siRNA

Another interesting difference in the effect of antisense and
double-strand siRNA was seen with antisense siRNA tagged at
the 3’ end with a fluorescent FITC group. This RNA oligo,
when paired with the wild-type sense strand of the double-
strand siRNA hTF167i, has previously been shown to have
near wild-type activity (19). It was thus somewhat surprising
that even at the highest achievable concentrations possible in
our assays, the FITC-tagged antisense siRNA (as-FITC)
demonstrated only very limited activity (data not shown).
We first reasoned that the lack of activity was due to faulty
incorporation into the RISC complex due to the bulky 3" end
fluorescent group. However, we find that an antisense siRNA
with a 3’-deoxyribose modification (as-3d) of its 3’ end,
although somewhat more active than the 3’-FITC version,
has a substantially impaired activity compared with the wild-
type antisense. In the corresponding siRNA duplex it has
comparable activity with wild-type siRNA (Fig. 3C).

An excess of double-strand siRNA can competitively
block antisense siRNA

The close similarity of antisense and double-strand siRNA
mRNA depletion behaviour with regard to position effects,
cleavage fragment formation, methylation and mutation
tolerance suggest at least in part a common pathway for
antisense and double-strand siRNA. If this is the case, the
effect of antisense siRNA should be susceptible to competition
by an inactive double-strand siRNA, in a manner previously
shown for inactive and active siRNA (19,21). Competition
experiments were therefore performed in order to test this
hypothesis. These experiments are not straightforward to do,
as discussed below. Nevertheless, a surplus of various inactive
competitor double-strand siRNAs seemed to block the
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Figure 3. Comparison of the influence of chemical modification on anti-
sense and double-strand siRNA. (A) Inactivation by methylation of anti-
sense siRNA as-167. (B) Inactivation by methylation of double-strand
siRNA hTF167i. (C) Inactivation of antisense siRNA by modification of the
3’-OH of the 3’-terminal nucleotide. as-FITC contains a FITC group in the
3’ position whereas in as-3d, 3’-deoxyribose is substituted for the terminal
ribose. hTF167-3d is a double-strand siRNA in which as-3d is paired with a
wild-type sense strand. (A—C) Northern analysis of Tissue Factor mRNA
after transfection of HaCaT cells with 200 nM antisense siRNA or 100 nM
double-strand siRNA. GAPDH was used as a loading control.

effect of the active antisense siRNA as-167 under various
transfection conditions (Fig. 4).

Antisense siRNA reaches maximum activity faster than
double-strand siRNA

Standard double-strand siRNA, in our Tissue Factor system,
reaches maximum effect only after ~24 h, after which the
silencing fades out over 3-5 days (19). The causes of the slow
onset of silencing are not known. In our earlier work we
proposed that RNAi depletion might be relatively slow and in
a near equilibrium kinetic balance between mRNA depletion
and mRNA transcription (19). Testing this concept by
blocking mRNA transcription with actinomycin D showed
that the natural turnover of mRNA, over a short period of 6 h,
was faster than RNAi (Fig. 5A). This is consistent with the
reported 1-2 h half-life of Tissue Factor mRNA (22,23).
GAPDH has a reported half-life of >24 h (24,25), thus the 6 h
exposure to actinomycin D should only reduce the GAPDH
signal by <16%. Even when not considering decay of
GAPDH, combining double-strand siRNA and actinomycin
D gives an additive effect at all measured time points (Fig. SA,
lanes 4, 8 and 12). This might be interpreted as supporting the
notion that RNAi has independent exonucleases for mRNA
degradation (19,26,27).

Time-course experiments with antisense and double-strand
siRNA demonstrated that the effect of the former was more
transient, although effective silencing was still evident 3 days
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Figure 4. Competition between double-strand and antisense siRNA. Results
in the black, grey and white columns are from three separate experiments.
Experiments were performed in HaCaT cells as previously described, unless
otherwise stated, and relative Tissue Factor/GAPDH expression normalised
to levels in mock-transfected cells in each experiment. Column 1, mock;
column 2, 50 nM antisense siRNA as-167; columns 3-5, 50 nM as-167 +
75 nM various inactive (column 3, hTF167-ds10/16) and irrelevant (column
4, PSK229i; column 5, BCR-ABL-1i) double-strand siRNA; column 6,
200 nM as-167; column 7, 50 nM as-167; columns 8-11, 50 nM as-167 +
increasing concentrations (75, 100, 150 and 200 nM) of irrelevant double-
strand siRNA (PSK208i); column 12, 200 nM as-167; column 13, 200 nM
as-167 + 2000 nM PSK208i; column 14, 2000 nM PSK208i. In columns
1214, cells were transfected with the less toxic agent Oligofectamine
(Gibco BRL), enabling the use of higher total concentrations of RNA and
excess of competitor, at the expense of reduced transfection efficiency.

post-transfection (Fig. 5B). In a further comparison of double-
strand and antisense siRNA function, we have investigated
the time dependence of the onset of mRNA depletion.
Surprisingly, we found that the antisense siRNA effect was
somewhat stronger than that of double-strand siRNA at 10 h
post-transfection. The maximum effect of antisense siRNA
seemed to be achieved already at this time point, as mRNA
levels increased at later time points (Fig. 5C). This behaviour
extended to the double-strand siRNA/antisense siRNA pair
targeting hTF372 (data not shown). The faster onset of
antisense siRNA-mediated silencing may be due to direct
incorporation of single-stranded RNA into the active nuclease
complex (RISC*) (12).

DISCUSSION

Antisense siRNA provides another efficient tool for use in
transient knockdown of gene expression, but questions remain
regarding its mechanism of function. This work has compared
a range of different antisense siRNA oligos to their corres-
ponding double-strand siRNA, seeking to disprove the
hypothesis of a shared RNAi effector pathway by finding
major differences between them in our different assays.

Antisense siRNA is somewhat less efficient than the corres-
ponding double-strand siRNA, displaying an ~5-fold higher
IC5p. The lower specific activity of antisense siRNA compared
to double-strand siRNA may be due to a lower intracellular
stability of the former. We expect antisense oligos to be
protected by the transfecting agent until released from the lipid
miscelles, a process that can take some time (19); following
release from lipid miscelles and prior to incorporation into
RISC, the antisense siRNA should be more vulnerable to
degradation than double-strand siRNA. The above-mentioned
drawbacks combined may result in a more transient nature of
silencing, although our data suggest that antisense siRNA is
able to maintain partial silencing for at least 3 days.
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A standard set-up with 100 nM double-strand siRNA
compared with 200 nM antisense siRNA was chosen to ensure
equal amounts of both nucleic acids and the transfection agent.
We found that the position dependence of antisense siRNA
correlated with that of the corresponding double-strand
siRNA. This observation has one important practical
implication: it reduces the cost of screening for optimal
target sites for siRNA. Despite its lower specific activity,
antisense siRNA efficacy still approached that of the corres-
ponding double-strand siRNA at moderate and non-toxic
concentrations (200-300 nM).

When comparing antisense and double-strand with regard to
both global and local mRNA target position effects, the
appearance of cleavage fragments and the tolerance to
mutational and chemical backbone modifications, a striking
similarity of behaviour is evident. One would expect different
effector complexes to have different target or oligo pre-
ferences, as previously reported for the different position
dependencies of RNase H-competent ribozymes and siRNA
(19,21). In the absence of significant differences between
antisense and double-strand siRNA for a series of oligos, we
propose that antisense and double-strand siRNA mediate
RNAI through the same pathway, although we are not able to
provide conclusive evidence for an identity of mechanism. An
exception to the similarity of behaviour is as-FITC, a version
of as-167 tagged with a bulky fluorescent FITC group at the
3’-OH position of the 3’-terminal nucleotide, which displayed
very poor activity. We first interpreted these results to indicate
the impairment of incorporation of the antisense strand into
the active RISC* due to the presence of a bulky functional
group. However, a version with 3’-deoxyribose instead of
ribose at the 3’-terminus of the antisense siRNA, as-3d,
showed similar behaviour. Efforts to investigate this
phenomenon further are currently under way.

Direct proof of a shared RNAi pathway in vivo would be the
demonstration of inhibition by competition. Unfortunately,
this proof is hard to come by as lipid toxicity sets an upper
limit for oligo concentrations and antisense siRNA requires
higher doses than double-strand siRNA. Furthermore, diffi-
culties arise from the surplus capacity of the RNAi system
under optimal conditions, where blocking part of the excess
capacity, for example by lowering of the oligo concentration
or partial inactivation of oligos by chemical modification or
mutation, does not affect the final mRNA depletion activity
(11,19). Finally, the entry of antisense siRNA at a supposedly
later point in the pathway leaves antisense siRNA alone in the
RISC* for a limited period, setting further limitations on a
competition assay. This last point has been emphasised by the
recent in vitro demonstration that competition for formation of
a target-specific RISC required the simultaneous addition of
both active and competitor siRNA to the lysate; competitor
added 15 min after initiation of incubation could no longer
compete with the active siRNA (10). The relevance of this
observation for a biologically necessary turnover in vivo over
hours and days is doubtful. Still, with the caveats noted, it has
proved possible to block antisense siRNA with inactive or
irrelevant double-strand siRNA, thus strengthening the
hypothesis of a shared pathway.

Finally, we demonstrate that natural turnover of Tissue
Factor mRNA is faster than RNAIi, and that the two effects are
additive. This can be interpreted as support for the existence of
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Figure 5. Time-courses of the efficacy of double-strand and antisense siRNA. (A) Actinomycin D time-course. Cells were transfected with double-strand
siRNA (100 nM) hTF167i or mock control as indicated above each lane. Actinomycin D (10 pg/ml) was added to the medium 2 h later and cells harvested at
4, 6 and 8 h post-transfection as indicated. The Tissue Factor signal was standardised to GAPDH and normalized to levels in the control at each time point.
The results are representative for two independent experiments. (B) Long-term effect of antisense (as) and double-strand (ds) siRNA targeting hTF167. Tissue
Factor mRNA was measured at days 1 and 3 post-transfection and standardized to a GAPDH control. Data are from one of two independent experiments.
(C) Short-term time-course of antisense and double-strand siRNA mRNA depletion. Cells were transfected as described and harvested at the indicated time
points. Tissue Factor/GAPDH expression was normalised to levels in mock-transfected cells. The results are representative of two independent experiments.

independent RNAi exonucleases (19,26,27). Interestingly, the
slow onset of double-strand siRNA-mediated was contrasted
by the early onset of antisense siRNA-mediated mRNA
depletion. This argues that the antisense siRNA enters the
RNAI pathway at a stage closer to the effector nuclease than
double-strand siRNA. The unwinding of the RNA strands,
perhaps mediated by one of the putative helicases recently
found to be associated with RISC and RISC-like complexes
(14,17), could thus constitute a rate-limiting step in the
pathway, partially explaining the slow onset of double-strand
siRNA-mediated silencing (19). Furthermore, this discovery
of differential depletion speed could give rise to two different
classes of therapeutic drugs if RNAI finds clinical application.
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