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ABSTRACT

Double-stranded short interfering RNAs (siRNA)
induce post-transcriptional silencing in a variety of
biological systems. in the present study we have
investigated the structural requirements of chemic-
ally synthesised siRNAs to mediate efficlent gene
silencing in mammalian cells. In contrast to studies
with Drosophila extracts, we found that synthetic,
double-stranded siRNAs without specific nucleotide
overhangs are highly efficient in gene silencing.
Blocking of the 5-hydroxyl terminus of the anti-
sense strand leads to a dramatic loss of RNA inter-
ference activity, whereas blocking of the 3’ terminus
or blocking of the termini of the sense strand had
no negative effect, We further demonstrate that syn-
thelic siRNA molecules with intermal 2-O-methyl
modification, but not molecules with terminal modi-
fications, are protected against serum-derived
nucleases, Finally, we analysed different sets of
sIRNA molecules with various 2'-O-methyl moditica-
tions for slability and activity. We demonstrate that
2’-C-methyl modifications at specific positions in
the molecule improve stability of siANAs in serum
and are tolerated without significant loss of RNA
interference activity. These second generation
siRNAs will be better suited for potential therapeutic
application of synthetic siRNAs in vivo.

INTRODUCTION

The term RNA-mediated interference (RNAQ) was initiaHy
introduced by Fire and co-workers (1) to describe the
observation that injection of double-stranded RNA (dsRINA)
into the nematode Caenorhabditis elegans can block expres-
sior of genes highly homologous in sequence to the delivered
dsRNA. RNAI is evolutionarity conserved among eukaryotes
and it appears to have an cssential role in protecting the
genome against invasion by pathogens such as viruses, which
generate dSRNA molecules upon activation and replication
{2). Most recently two independent studies demonstrated that
the ycast RNAi machinery is required for the formation and

maintenance of heterochromatin during mitosis and meiosis,
indicating additional functions for RNAi (3,4}, In the past,
repression of penes by long dsRNAs has been less successful
in mammalian cells with the exception of embryonic ceils
(5.6). Use of short (<30 nt} synthetic dsRNAs allowed for
sequence-specific gene silencing yet avoided the non-selective
toxic effects of long dsRNAs in differentiatcd mammalian
cells (7). This discovery triggered a much wider interest in the
RNAi phenomenon since it provides a new avenue for loss of
function studies in somatic cells of vertebrates. Initial studies
with these small interfering RNAs (siRNAs) demonstrated
that the duplex must have 2 or 3 nt overhanging 3’ ends for
efficicnt cleavage destruction of the target mRNA (3). The 3
overhangs can be generated by cleavage of long dsRNA into
siRNAs by a multidorain RNase T-like enzyme, known as
Dicer (9). In a subsequent step the siRNA associates with the
BNAi-induced silencing complex (RISC), which is then
guided to catalyse the sequence-specific degradation of the
mRNA (9-11).

RNAi induced by synthetic siRNAs is wansient, and in-
mammalian cell cultnze systems re-expression of the target
mRNA usually occurs after a few days (12,13). Therefore an
improvement in the intracellular and extracellular stability of
the effcctor molecules will be one crucial aspect for the
successful in vive application of synthetic siRNAs. A variety
of chemical modifications, including tenminal and intcmal
modifications (e.g. 2'-O-modification or phosphorothioate
linkages), have been tested to sce whether they influence
RNAi inducing activity (7,8,13-15). However, these studies
did not adequately assess the effeet of the different modifi-
cations on sensitivity of these molecoles to SiRNA-degrading
setum-derived necleases.

In the present work we define the minima) strucoural
requirements of siRNAs in mammalian cells and test a series
of chemical modifications to improve the stability of siRNAs
for future in vivo applications. To determine differences in
potency, we measured the inhibition of expression of several
targets, including PTEN, pl10J and Aktl, which are al|
members of the phosphatidylinasitol (P1) 3-Kinase pathway
(16,17). Surprisingly, we found no overhang dependence of
the siRNA duplexes in HelLa cells, which is in contrast 1o
obscrvations made in the Drosophila system (15). We have
¢stablished the minimal required size for functional siRNAs in
Hela cells and have developed functionsily active siRNA
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molecules with increased nuclease resistance. Qur results
provide a basis for the furiher development of synthetic siRNA
molecules with improved characteristics, including higher
resistance to scrum-derived endonucleases.

MATERIALS AND METHODS
Synthetic siRNAs and GencBioes

Synthetic siRMNASs were purchascd from BioSpring (Frankfurt,
Germany). The oligoribonucieotides were resuspended in
RNasc-free TE to a final concentration of 50 M. In the case of
bimolecular siRNA moleeules, equal aliquots (100 M) were
combined 10 a final concentration of 50 uM. For the formation
of duplexes the siRNAs were incubated at 50°C for 2 min in
annealing buffer (25 mM NaCl, 5 mM MgCly) and were
cooled down to room temperature. The PTEN-specific
GeneBlocs  used have the schematic  structure  cap-
oanninaNNNNNNNNnoanan-cap, as published previously
(16), where cap represcnts an inverted deoxy abasic modifi-
cation, n stands for 2°-0-methyl ribonucleotides (A, G, U or C)
and N represents phosphorothioate-linked deoxyribonucleo-
tides {A, G, T or C).

Cell culture and transfections

The particular HeLa cefl linc used in the experiments
presented was a gift from M. Gossen (MDC, Berlin,
Geormany) and was grown in Eagle’s minimum essential
medium with 2 mM L-glutamine, Earle's balanced salt
golution, | mM sodiom pyruvate, 0.1 mM non-essential
aming acids and 10% fetal bovine serum {FBS). Synthetic
siRNA and antisense GeneBloc transfections were carvied out
in 96-well or 10 cm plates (at 30-50% confluency} by using
cationic lipids such as Oligofectamine (Invitrogen, Carisbad,
CA) or NC383 (Atugen, Bedin, Germany) as reported
previously (16). HeLa cells were transfected by adding a
pre-formed 5 concentrated complex of siRNAs and lipid in
scrum-free medium to cells in complete medium. The 1oial
transfection volume was 100 ul for cells plated in 96-wells and
10 m! for cells in i¢ cm plates. The final lipid concentration
was (.8-1.2 pg/ml depending on cell density; the siRNA
concentration is indicated in each experiment.

Antibodies and immunoblotting

Cell lysates were prepared and aliquots of the cell extracts
containing equal amounts of protein werc analysed by
immunoblotting as described previously (16,17). The murine
monoglonal anti-pl10c antibody has been described (18).
Rabbit polyclonal anti-Akt and anti-phospho-Akt (8473)
antibodies were obtained from Cell Signalling Techrology.
The murine monocional anti-PTEN antibody was from Santa
Cruz Biotechnology.

Quantitation of mRNA by Tagman analysis

The RMA of cells transfected in 96-wells was isolated and
purified using the Invisorb RNA HTS 96 kit (InVitek GmbH,
Berdin, Germany). Inhibition of targeted mRNA expression
was detected by reat time RT-PCR (Tagman) analysis using
300 nM 5 forward primer, 300 nM 37 reverse primer and
100 oM Fam-Tamra-labelled Tagman probe. The gene-
specific primer sequences can be obtained on request, The

reaction was carried out in 50 mi and assayed in an ABI
PRISM 7700 Sequence detector {(Applied Biosystems) accord-
ing to the manufacturer’s instructions under the following
conditions: 48°C for 30 min, 95°C for 10 min, followed by
40 cycles of 15 5 at 95°C and 1 min at 60°C.

Nuclcase resistance assay

For the stability assay 5 ul of (2.5 uM) siRNA was incubated
in 50 g} of fetsl bovine servmn for |5 or 120 min at 37°C. The
solution was exwmacied with phenol and siRMA was precipi-
tated with ethanol and scparated on (0% polyacrylamide gels
foltowed by ethidium bromide staining. Equal amounts of
siRNA before serum incubation (0 min) was cxtracted with
phenol in paraile] and loaded as an input control.

RESULTS

Comparison of synthetic siRNAs and antisense molecules
in HeLa cells

As most published studies with siRNA in mammalian cells
have involved the knock-down of ectopically or abundantly
expressed gencs, we first set out to demonstrate that synthetic
siRNAs can be efficicnt tools in reducing endogenous mRNA
and protein levels, For this purpose we designed and analysed
siRNA molecules specific for the tumour suppressor PTEN.
For comparison and as a positive knock-down control, we
employed in parallel conventional antisense molecules
containing the same nucleotide sequences. The antisense
molecules, here called GeneBlocs, consisted of nine internal
deoxyribonucleotides for activation of RNase H flanked by six
2'-0-methyl-modificd ribonucleotides, whereas the siRNAs
used consisied of two 2lmer ribonucleotides with two
deoxythymidine nucleotides at the 3" termini (Fig. 1A), The
double-stranded siRNA s well as (he single-stranded
GeneBlacs are identical in length (21mer + terminal modifi-
cations). To control for non-specific transfection effects, we
included mismatch sequences as negative controls. HeLa cells
were transfected with increasing amounts of these molecules
and the PTEN mRNA level was analysed 24 h later by reai
time PCR (Tagman). The maximal reduction of PTEN mRNA
normalised to the mRNA of pilQa. onc of the catalytic
subunits of PI 3-kinase, was reached with 2.2 nM siRNA and
20 nM GeneBloc (Fig. [B). To verify the result on the mRNA
fevel, we analysed protein reduction induced by antisense
GeneBloc and siRNA wansfection in a second set of experi-
ments. HeLa cells were transfected with increasing amounts of
these molecules and cell Tysates were analysed 48 h later by
immunoblet analysis using PTEN-specific antibodies. pl10o
protein level served as a loading control (Fig. 1C). Maximal
PTEN protein knock-down was detected with 2.5 aM
siRNA and 15 nM GeneBloc. These experiments demonstrate
that siRNA molecules can efficiently reduce mRNA and
protein levels of endogenous genes. Furthermore, thesc
siRNAs can be more efficient in mediating mRNA
reduction when compared to conventional antisense molecules
directed against the same target sequence. The observed
differences in efficacy may be due to different mechanisms
of target recognition and/or degradation and may refiect
the involvement of more efficient catalytic steps in the case
of RNAI.
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Figure 1. mRNA and protein knock-down of endogenaus PTEN and induced by transfection of 5iRNA or GeneBloc {GB, amizense) in Hela cclls. (A) The
sense (A} and antisense (B) strands of siRMA targeting human PTEN mRNA are shown in comparison to the comespanding GencBloc {antisense matecules),
siRNAs were synthesised with 2 nt deoxythymidine (TT) 3 overhangs. GeneBlocs representing the third generation of antisense oligonucleotides with
inverted obasic (i) cnd modifications (sce Materials and Methads). The scquences of the respective mismateh controls {MM) conteining 4 nt chauges are
shawn. (B) Reduction of PTEN mRMA expression in siRNA- and GeneBloc-transfected Hela cells. Hela eells were innsfecied with the indicated umounts
of siRNA and GeneBloe os described. Aftee 24 b, RNA was prepared ond subjected to real time RT-PCR (Tagman) analysis to determine PTEN mRNA
Jevels relative to phl0c mRNA lfeveis. Each bar roprescnts triplicate wramsfections (+ 5D}, (C) Inhibition of PTEN protein expression analyscd by
immunoblat. The cells were harvested 48 h after ransfoction of the indicated amounts of GeneBlocs or siRMAs. Cell lysates were separated by SDS-PAGE
and analysed by immunoblotting using anti-FTEN and anii-pl 100 antibody. The amount of pl 10, & catalytic subunit of Pl 3-kinase, was uscd as 2 gading
conkrol. Cootrol tell extract from untravsfected Hela cells (UT) were loaded in the left lanc.

No overhang requirements of siRNA. duplexes in Duplex length requicements of siRNA duplexes in
mammalian cells manmmalian cells

The structural-functional rclationship of siRNAs has been We next examined the effects of duplex length variations on
extensively stodied biochemically using Drosophila melano-  siRNA activity. For these experiments we used the Aktl
gaster embryo lysates (7.13). Using this system il has been kinase as a target. Duplexes of 19 ot length were highly
demonstred that duplexes with 2 nt 3' overhangs were the efficient in reducing Aktl mRNA levels independent of the
most efficient 1riggers of mRNA degradation (8,15,19). Totest  natutc tdeoxyribonuclcotides or ribonucleotides) of the ¥
whether a similar dependence is true for mammalian cclls, we overhang (Fig. 3A, compare molecules 1AB, 2AB, 3AB and
wransfected PYEN siRNA molecules with 3° or 5" averhangs o 4AB). This result is consistent with our observation that a 3°
without overhangs into HeLa cells. Surprisingly, we did not  overhang appears not to be crucial for siRNA function in HeLa
observe a more efficient knock-down of target RNA with cells. Next we reduced the dupiex tength to 17 nt (Fig. 3A,
siRNAs conining 3’ overhangs when compared to blunt  molecule SAB). This molecule did show a dramatically
molecules of thasc with 5 overhangs (Fig. 2A). Similar resulis reduced silencing activity, suggesting that active siRNA
were obtained for the second target pl 108 (Fig. 2C). To verify duplexes must have a minimal length (~19 nt}, which is in
the observed mRNA knock-down, we performed an immuno-  agreement with experiments assessing activity of siRNA
blot analysis using PTEN-specific antibodies (Fig. 2B). In  moleccules with different duplex tengths in Drosophila extracts
these exporiments the reduction of PTEN protein expression  (15). This minimal duplex length for active siRNA molecules
as well as the downstream phosphorylation of Aktl kinase, a might be explained mechanistically by two different require-
consequence of PTEN pretein inhibition (16,17), was very  ments. First, a minimal basc pairing between the antisense
similar with the different siRNA duplexcs. We concluded $iRNA and the target mRNA may be obligatory or, second,
from these data that 3" overhangs on synthetic siRNAs are not incorporation into the RISC requires a minimal length of the
esscential for RNA#L in Hela cells. siRNA duplex. To address this question we synthesised and
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Figure 2, siRNA duplexes with a 3° or §' averhang ar withoot everhang (blunt) are equaily potent in medioting gene sllencing in HeLa cells. (A) Inhibition
of PTEN mRNA expression in Hela cells transfected with the indicated amounts of siRNA molecules, The sequences and different terminal structures of the
siRNAs molecules are shown on the Jefi. Mulations in the mismarch molecules are indicated by arrowheads, Samples were anajysed in parallel for the level
of PTEN mRNA expression 24 h after transfection by real time RT-PCR (Taqman) analysis. PTEN mRNA levels arc shown relative to the mRNA levels of
pl10g, which served a3 internal reference. Each bar represents triplicate transfections (= SD). (B) inhibition of PTEN protein expression by use of siIRMNAs
with different terminal syructures. The cells were harvested 48 h afier transfection of the indicaied siRNAs (30 aM) (lanes 2-7) or GeneBlocs (30 nM) (lanes
8 and 9). Cell extracts were scpamted by SDS-PAGE and analysed by immunoblotling using anti-pliQ¢, anti-PTEN or anti-phospho-Akt antibody. The
amount of p110w& wus used as a loading conwrol and controf cell extracts from untransfected Hela cells (UT) were loaded in lanc b (C) Inhibition of p) 10B
mRNA expression in Hela cells transfected with tht indicated amounts of SIRNA molecules. pl 10B mRNA levels are shown relative to the mRNA levels of
p1100;, which served as intemal reference. The ratio of plI9B/pl L0 mRNA of untmnsfecied Hela cells is shown at the bottom (UT), Each bar represents
riplicate transfections (= SD).

transfected 19 nt long siRNA duplex molecules with one and ~ molecules, even the molecule with a siretch of only 15 nt base
two terminal mutations (CG and UA inversion) relative o the  pairing to the target mRNA, were functional in reducing the
wild-type sequence (Fig. 3A, molecules 6AB and 7AB). Both Akl mRNA level. We concluded from this result that the



Nucleic Acids Research, 2003, Vol. 31, No. 1! 2709

Ratio Akt1/ p110a

Duptexlength . S 25 5 .53 &
nhel AN 5° JUUACAUCALGS st
Akt1 18 2 uo-g gung 19mer

025nM
hxtl 2A 5 CQagUURgGACANCANGE—CC
AXtl 2B 3w frinen 19mer 050
i 3 »inl
hAke) 3k 5° agrggggnguscauensga-CC
Akt 3 3 TT-g guugy 19mer
Aktl 4A 5" cqnqqggnquaﬂmam-!r
axelap 30 TT-g quay 19mer
Aktl S5 5 CRGGGIRGUANRUCALT~ &D
Axtl 5B 3 g aguuo 17mer
- L4
Axtl SA ) STAMIgegrguLsoavcaAdu~TTY .
Akl €0 37 IT qunguves 19mer{2MM}
ARl A 5 ;:Aqq aqu-mmugx 0
ou -
axe1 7B 3" 1r-ag ; 19meor{4MM)
PTRN 12 5° gag=TT )
PTEN 19 3 TE-goasucgue e 21mer
ur
Ratio PTEN/p110a
B Q = K W A DD
) . . . 3 40nM
PTENA 5’ giunguagaoacannaggs @ 2071
PIENB 37 sasuoguonuaguaaLocy B 0nM
. . L
= 3'q Feay ' s
FIENM 3’ cAaRICHUCUMICUIRIIUES
PYENRCE _S'qu\ugu.-.:'uu;u.nqgn
IR 3’ QoAU CEUNTILIUCU TS .
[3 ¥
PTENLDY S‘mnucpn;a-nqmagp
PIEREO 3 pasuggunumnomam
« v v ¥
PrORAM 5’ JruADOSAL A AATAGEH
PIENU A asnugguguunauuaucas

Figure 3, Duplex length requicement and tolerance for mutatian in siRNAs in HeLa cells, (A) Inhibition of Akl mRNA cxpression in HeLa cells ransfected
with the indicated amounts of siRNA molecules. The sequences, lengths and different tcrminat structures (37 deoxyribonuclcotides in upper case betiers) of the
SRNA molecules are shown on the left. The nuckcotide changes in the mismatch siRNA molecule are indicated by arowheads. Samples were analysed in
paralicl for the lovel of Akil ond pl (G mRINA expression 24 h after wransfection by rea) time RT-PCR (Tagman) analysis, The mRNA levels of p110u served
as interna) reference. Each bar represents triplicate transfections (= SI). (B} Inhibition of PTEN mRNA cxpression in Heba cells transfectcd with he indi-
cuted amounts of SIRNVA molecules. The sequences of the corrcsponding SIRNA minlecules are shown on the lefi. (C) Inhibiton of PTEN protein expression
analysed by immuncblot. The cells were harvesied 48 or 96 h after transfection of the indicated siRNAs (30 nM). Cell extracts were separaicd by SDS-PAGE
and analysed by immunoblaiting as described previously. The positions of PYEN and pl 106 which was used as a (oading conuol, are indicated on the left,

in onc siRNA strand were compensated by complementary
changes in the other strand to avoid disrupting duplex

duplex lenpth itself, but not the base pairing of the antisense
siRINA with the target mRNA, seems to determing the minimal

length of functional siRNAs. These data suggest that the
length of the double-stranded helix is an important determin-
ant for incorporation inte the RISC complex. Since the
introduced mismatches at the terminal ends of the siRNA
duplexes had little effect on RNAJ, we wanted to analyse the
effect of mismatches located in the centre of the molecule
(Fig. 3B). For these experiments we used 19 nt long blunt
sitNAs dirccted against PTEN mRNA. The sequence changes

formation. A siRNA with only one point mulation in the
centre of the molecule was severcly compromised in its ability
to reduce mRNA and protein expression levels (Fig. 3B and
). This result indicates that the RNAI machinery is highly
discriminative between perfect and imperfect base pairing
between target mRNA and siRNA in the centre of the duplex.
The dependence on a perfect complementarity between target
and siRNA has been investigated for RNAi before (13-15,19).
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Effects on RNAi and siRNA stability of 5 and ¥’
terminal modifications

Having established the minimal structural requirements of
siRNA duplexes, we wanted to test whether chemical end
modifications can lead to morc stabilised, active siRNA
molecules, As a starting point we have used an inverted deoxy
abasic {iB) modification (for details and structure see 16) and
an amingo end modification (NH;) (amino group with 6-carbon
linker at the terminal phosphate; for details see 20). Stmilar
end modifications have been successfully used to stabilise
conventignal antisense molecules and ribozymes (21) and are
gencrally comsidered to protect therapeutic nucleic acids
against serum-derived cxonuclease activities (22). RNAI
induction by siRNA duplexes with an NH, or iB modification
was dramatically reduced when all four termini were modified
(Fig. 4A, compare molecule 1AB with 4AB and 5A5B}.
However, siRNA molecules which were modified only at the
terminus of the sense strand showed no rcduction in gene
silencing activity (Fig. 4A, molccule 2B4A). Even siRNA
molecules, which had no end protection at the 5'-end of the
antisense strand but on all other termini, showed no reduction
in RNAI activity (Fig. 4A, molccules 6B4A and 7B4A). This
result is in agreement with recently published results demon-
strating the importance of the 5"-hydroxyl group of the
antisense strand for RNAI (20,23} In order to test whether the
terminal modifications were capable of increasing stability in
serum, we incubated the different siRNA duplexes at 37°C in
calf serum, followed by separation on 10% polyacrylamide
gels. Surprisingly we were not able to detect any increase in
stability or nucleasc resistance (Fig. 4B). Neither the NH; nor
the iB cnd modification stabilised the siRNA duplexes
significantly. This result suggests that siRNA molecules are
degraded predominantly by serom-derived endonucleases. To
test this hypothesis we synthesised siRNA duplex containing
internal 2°-0-methy] ribonuclectides at all positions, a com-
monly used modification to increase stability of RNA-
containing molecules (24). This intemally modified molecule
showed extreme resistance against degradation in our serum
incubation assay (Fig. 4B, siRNA molccule at the bottom), and
therefore might have betier pharmacodynamic propertics
I viven

Synthetic siRNA molecules with specific internal 2°-0-
methyl modification mediate RNAi and have increased
stability in serum

To identify symhetic siRNA molccules which have increased
stability, but are also able to efficiently induce RNAI, we
tested a series of molecules with 2°-O-methy) residucs at
different positions (Fig. 5). siRNA molecules with either one
or both strands consisting of 2-0-methyl residues were not
able to induce RINAIQ in our mammalian system (Fig. 5A,
molecules V2, VS and V6). Similar resuits were observed with
2.0-methyl-modified siRNAs in Drosophila lysatcs employ-
ing a luciferase-based RNAI assay (15). However, the
decrease in activity was less pronounced when only parts of
the strands were modified. This result is in agreement with a
recent study employing siRNAs, which were not modified in
the core but contained different internal modifications at the
terminal nucleotides of both strands (14). Interestingly, a
molccule with an unmodified antisensc strand {lower) and a

completely modified sense strand was significantly more
active when compared to the reversed version (Fig, 5A,
compare molecules V5§ and V). This result sugpests again
that the antisense strand of the siRNA seems tp be more
critical and sensitive 1o modification. The most efficient
molecules in reducing PTEN mRNA had only stretches of
modification leaving the 5"-end unmodified or were modificd
on altemating positions on both strands (Fig. 5A, molecules
V106 and V12). At this point it was crucial to analyse the
stability and activity of partially 2'-O-methyl-modified siRNA
molecules in more detatl. To demonstrate nuclease resistance
we incubated the different SIRNA versions in serum followed
by polyacrylamide gel electrophoresis. As shown before,
blunt-ended siRNA molccules with unmodified ribonucleo-
tides were very rapidly degraded whereas a complete substi-
tution with 2°-O-methy) nucleotides mediated resistance
apainst serum-derived nucleases (Fig. 5B, compare molecuie
AB with V1). siRNA molecules with partial 2°-0Q-methy!
madification also showed an increased stability when com-
parcd 10 unmodified siRNAs. Especially, molecnies with
alternating modifications on both strands showed a significant
improvemeat in stability (Fig. 5B, molecules V13, Vi4, V15
and V12). Morc importantly, transfection of three of thesc
molecules into HeLa cells did result in a significant down-
regulation of PTEN protein expression (Fig. 5C, lanes 6, 9 and
10). Detection of pl 100 protein by immunoblot was used as a
loading control. In this RNAi activity assay we observed an
unexpected preference for molecules which were modified at
every sccond nucleotide beginning with the most 3° terminal
nucleatide of the antisense strand (molecules V15 and V|2).
Molecules which contained modifications beginning with the
second nucleatide at the 5 end of the antisense strand were
more stable but had a strongly reduced activity in gene
silencing {(molecules V13 and V14). This result points towards
highly specific interactions between the involved enzymes and
precise nucleotides in the siRNA duplex. Taken together our
data demonstrate that 2-0-methyl medifications at particu-
larly selected positions in the siRNA duplex can increase
nuclease resistance and do not necessarily abolish RNAi
completely.

An increased stability of synthetic 5iRNAg should primarily
have implications for in vivo application, ¢.g. mouse modcls or
in therapeutic applications of siRMNA, Nevertheless we wanted
to analyse whether the introduced modification can also Jead
to an extended protein knock-down in cell culture systems. In
order to demonstrate this effect, we transfected Hela celis
transiently fFor 6 h using our cationic lipids with different
versions of PTEN-specific siRNAs. The lipid siRNA complex
was then washed away and the PTEN protein knock-down was
analysed 48 and 120 h later. Generally knock-down experi-
ments without continuous transfection of siRNAs are compli-
cated due to rapid growth of untransfected cells in this time
period resulting in a very transient knock-down {(13).
However, here we were able to demonstrate a prolonged
PTEN protein knock-down with siRNA molecules stabiliscd
by the described 2°-O-methyl modifications. At 48 h post-
transfection the unmodified siRNA (AB) shows the biggest
reduction in PTEN protein levels; however, at 120 h post-
transfection the reduction in PTEN protein expression is
superior with the siRMNAs stabilised by alternating 2°-0-
methyl medifications (Fig. 5D, compare lanc 2 with lanes 4,
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chemical modifications. The structure of the modified sIRNA molecules are schematically shown on the lefi. The siRNA molecule at the botiom was
synthesized with 2-0-methyl ribonucleotides (A, G, U and C) a1 all positions, indicated by M1, Polyacrylamide pel (10%) elcctrophoresis of the indieated
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6 and 7). At1his point we do notknow whether this increase in
stability will also improve the pharmacodynamic propertics of
thesc molecules, and it is very likely that further modifications
and improvements in delivery are nccessary to enable the use
of synthetic siRNAs in vivo.

It was puzzling that not all siRNA molecules with
alternating 2-O-methy] modifications on both strands were
functional. As mentioned above, the starting nucleotide
position of the alternating modification seems to be important.
To test this preference in more detail, we synthesised and
tested for functionality two additional series of siRNAs, one
specific for the kinasc Aktl, the other specific for p110B, one
of the two catalytic subunits of P 3-kinase. Here we used
shorter, only 19 nt long, siRNA duplexes either without any or
with 2-0-methyl modification on every second nucleotide
(Fig. ). Using Akt] as a target we observed an efficient
protein knock-down as well as a dramatic reduction in
phospho-Akt levels with blunt, unmodified siRNAs (Fig. 64,
right panel). From the differemt versions of molecules with
modifications on every second nucleatide, only one cfficiently
mediated RNAI (Fig. 6A, molecule V5). This siRINA molecule
contaired an antisense strand which was modified at the most
terminat 5" and 3° nucleotides. The sense strand started with
the unmodified nucleotides at the most terminal positions,
resulting in a structure in which the modified and unmodified
ribonucleotides of both strands are facing each other. As
expected, this molecule was also protected against serum-
derived nucleases (Fig. 6B, molecule V3). Interestingly, a very
similar 19 nt long siRNA molecule (V4) with modifications
beginning at the second nucleotide of the antisense steand
showed no RNAJ activation in our assay. Molecule V6, in
which the modified nucleotides of the antisense strand face
modificd nucleotides on the sense strand, was also inactive in
this experiment. An identical series of 19 nt long siRNA
molecules specific for pl 10§ confirmed these observations
(Fig. 6C). Again, the similarly modified siRNA molecule (V5)
was the most active, as indicatcd by rcducing Akt phos-
phorylation, which is indicative of a reduced Pl 3-kinase
activity due to reduced pl10P levels {i6,17). The reduced
activity of the V6 molecule might be explained by reduced
duplex stability since the same structure was active in the
PTEN knock-down experiment with 2imer siRNAs, 1tis well
documented that 2’-O-methyl modification on both suands
facing cach other will reduce the stability of nucleic acid
duplexes (25). However, the difference between the activity of
siRNA molecules V4 and V5 (Fip. 6B and C) in these
experiments i5 probably not due to differences in duplex
stability since the number of base pairings of maodified and
unmaodified nucleotides is identical. This difference in activity
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might be duc to $pecific requirements of the interacting
proteins involved in the degradation of the target mRNA.
Interestingly, our data demonstrate that the most terminal
nucleotides of the antisense swwand can be modified at the 2'-
hydroxyl group without significant loss of silencing activiey,

Taken together the presented differences in the potency of
different siRNA chemistries suggest that not only an alternat-
ing design principle but also the specific nucleotide poshions
of the internal 2’-O-alkyl modifications in the sSiRNA duplex
are crucial to balance beneficial stabilising cffects with
activity reducing effects,

DISCUSSION

siRNAs represent a new tool for functional knock-down
studies in mammalian cells (7). In contrast to fong dsRNA,
siRNAs do not activate the dsRNA-dependent protein kinase
response (8,26) and are thus better suited to phenotypic loss of
function studies. In order to facilitate the usage of this new
class of gene knock-down tools as potential therapeutic
nucleic acids, we have analysed the minimal structural
reguirements of SiRNA function in Hela cells. A compre-
hensive study om the functional anatomy of siRNAs in
Drosophila has been published by Elbashir and collcagues
(15). In this study an in virro RNAI assay with D.melanogaster
embryo lysates was used 10 measure the silencing activity of
different types of siRNAs. Here we have used cationic
delivery vehicles to transfect different siRNA molecules of
various chemistries into HeLa eells and have quantitated the
gene silencing activity by Tagman analysis. Our analysis
reveals some stnking differences in the structural require-
ments for siRNAs between the Drosophila system and the
mamnalian system. For instance, in Drosophila extracis it
seems to be obligatory 1o use siRNAs with 3 overhangs (135)
whereas no particular overhang requirement was abserved in
the Hela cell system (Fig. 2). Previousty, Drosophila
microinjection experiments with phosphorylated siRNAg,
lacking 3° overhangs, showed moderate activity at high
concentrations (19). At this point we cannot exclude the
formation of a 3" overhang by an intracellular nuclease activity
such as Dicer in HeLa cells, However, a potential processing
of these 19 nt long siRNAs would lead to molecules which are
most likely too short to be functionat (see below). Regarding
the minimal length for functional siRNA duplexes in mam-
malian cclls, we concluded that cfficient RNAi can be
achieved with blunt 19 nt long siRNA duplexes in mammalian
cells. There are at least three different factors which may
influence the minimal length requirement: {i) a minimal
length of the double-stranded siRINA duplex which has to be

Figure 5. (Opposite) siRNA molecules with distinct 2'-0-methyl ribonucteotide modifications show increased stability in serum and mediate protein knock-
down in HeLa cells. (A) RNAJ activity of siRNA molecules with various 2'-0-methyl ribonucleotide modifications. Inhibitien of PTEN mRNA expression in
HeLa cells transfecred with the indicated amounts of modified 5iRNA molccutes. 2™-C-inethy] ribonucleoride modifications are underlined and indicated by
bold letiers in the sequence on the left. Samples were analysed in pamalich for the tevel of PTEN mRNA as described before. (B) Polyzerylamide gel
electrophoresis of modified and unmodified sIRNA molecules afier incubation in serum. The PTEN siRNA soquence and the position of the 27-Q-methy]
tibonuckeatide mordifications (underlined and bold Letiers) are shown on the left. {C) Inhibition of PTEN protein cxpression analysed by immunoblot. The
cells were harvested 48 h afier transfeciion of the indicated siRNAs (30 nM). Cell extracts were separated by SDS-PAGE and analysed by immunoblotting 25
deserited previously. The positions of PTEN and pli0a, which was used as a loading control, are indicated at 1eft. (D) 2iRNA molecules with distinet 27-&-
methyl ribonucleotide modificatons mediste a prolonged protein knock-dnwn. Inhibilion of FTEN protein expression analysed by immunoblol. The cells
were harvested 48 or 120 h aftcr transfection of the indicated siRNAs (30 nM). Cell extracts were separated by SD5-PAGE and analysed by immunobiotting
as described previously, The positions of PTEN and p1 10a, which was used as a toading control, are Indicated on the 1ef).
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recognised by the RISC complex or other protein complexes
involved; (ii) a minimal stretch of homologous base pairing
between the target mRNA and the antisensc strand of the
siRNA duplex to ensure specific recognition; (iii} a minitmal
siRINA length to guarantee stable duplex formation. It seems
very likely that factors (ii) and (iii) will be dependeat on the
particular sequence commposition {¢.g. GC content). However,
from our data we conclude that the duplex length itself
represents one critical factor below a duplex length of 19 bp
since a 17 bp siRNA duplex was inactive, even in the presence
of additicnal target-specific overhangs (Fig. 3A). A 19 bp long
siRNA duplex with up to four mismatches {with respect to the
target) at the terminal positions still mediated efficient gence

silencing, suggesting that the base pairing with the tarpet
mRNA is not the most decisive factor for determining the
minimal length. The result that 19 nt long siRNA with only a
15 nt target-specific stretch (two mismatches on cither side)
was able to mediate a significant knock-down may have
general implications for target specificity and off-targer effects
of siRMNAs. In contrast, a single nucleotide inversion in the
centre of the siRNA duplex resulted in a complete loss of gene
silencing, suggesting that a longer undisrupted stretch of base
pairing with the target mRNA is nccessary. Several reports
published on the issue of sequence specificity of 1arget
recognition have shown that single mutations within the centre
of a siRNA duplex ase more discriminating thun mutations

{1



located at the 5~ and 3™-ends (13-15). More recently it has
been suggested that cven single-stranded  antisense SiRNA
molecules, preferably phosphorylated at the 5'-hydroxyl, can
be sufficient to mediate RNA# in vitro as well as in cell culture
systems {14,27,28). Wc have attempted to repeat these studies
in HcLa cells using our siRNA transfection protecol
followed by Tagman or immunoblot analysis. So far we
have not been able to demonstrale significant knock-down
with single-stranded siRINA molecules either with or without
phosphorylated 5° termini {data not shown). Currently we do
not know whether this discrepancy may be due to a difference
in cell Ynes or transfection protocols used in  thesc
experiments.

One major drawback of the usage of siRNAs is its transicnt
nature owing 10 the fimited stabitity and availability of the
syntheric RNA-based molecules, Using convenlional transient
transfection protocols genc expression is inhibited for a
maximum perind of 2—4 days (14,29). Therefore, we reasoned
that i will be benchicial to develop more stable siRNA
molecules, especially for potential in vive application of
§iRNAs, where sustained delivery will be one major obstacle,
Qur data on siRNA stability in serum suggest that unmodified
siRNAs are for the most part substrates for cndonucleascs and
{0 a lesser extent substrates for exonucleases. Consequently,
chemical modifications at the termim of the RNA steands
which are known to abolish exonucleasc activity do not
significantly improve stability of siRNAs in serum (Fig. 4B).
Injtial cxperiments with internal 2.0-alkyl maodifications
have demonsirated that complete substitution of all nucleo-
tides abolished RNAG activity completely (15). Partial substi-
tution with up to a total of six modifications in the form of
cither methylation or thiolation of the backbone has recently
been reported to reduce silencing activity onty marginally in
HaCat cells (14). According w0 our data it is essential to
balance the effcets of 2-O-alkyl modifications on stability
against the negative cffects on activity, which makes it
important ta be aware of various design principles. First,
modifications at the 5-hydoxyl group of the antisense strand
should be avoided since end modifications (-NH; or inverted
abasic) at this position abolish RNAi inducing activity
(Fig. 4A). This result is consistent with a proposed in vivo
phosphorylation step of the 57 terminus nccessary for siRNA
activity (23). Sccond, alternating 2'-O-alkyl modification but
not blocks of 2-O-alkyl modification lead to significant
resistance against serum-derived nucleases without significant
loss of RNAI activity (Fig. 5). Third, 2’-0-methyl-modified
siRINAS are morc active when the incorporated modifications
are on every second nucleotide, facing a non-modified
nucleotide. This may indicate critical changes in duplex
stability since it'is known that 2’-O-methyl modifications
stabilise basc pairing with non-modified nucleotides but can
destabilise the duplcx when incorporated on both strands (25),
A fourth feature aniscs from the observation that siRNAs in
which the attemating modifications at the Z'-hydroxyl proup
start with the most terminal nucleotides of the antisense strand
are more efficient than siRNAs which begin this modification
at the second nucleotide of the antisense strand (Fig. 6,
compare molccules V3 and V5). Taken together the results
suggest that the specific structural requirements for RNAI
inducing activity are at lcast partially distinct from the
substrate requirements of serum-derived endonucleases. In

Nucleic Acids Research, 2003, Vol 31, No. 11 2715

summary, we conclude that specific internal modifications at
the 2’-hydroxyl group ar¢ suitable to improve the stability of
synthetic siRNAs without significant loss of activity, and thus
may also help to advance the use of siRNAs in in vive
experiments,
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Effects on RNA Interference in Gene Expression (RNAi) in
Cultured Mammalian Cells of Mismatches and the
Introduction of Chemical Modifications at the 3'-Ends of
SsiRNAs
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ABSTRACT

The highly specifie postiranscriptional silencing of gene expression induced by double-stranded
RINA (dsRNA) is known as RNA interference (RNA{) and has been demonstrated in plants, nema-
todes, Drosophile, and protozoa, as well a5 in mammalian ceils. The suppression of expression of
specific genes by chemically synthesized 21-nucleotide (21-nt) RNA duplexes has been achieved in
various lines of mammalian cells, and this technique might prove to be a valuable tool in efforts to
analyze biologic functions of genes in mammalian cells. In order to investigate the utility of poten-
tial modifications that can be introdoced into small interfering RNAs {siRNAs) and also to study
their funectional anatomy, we synthesized dilferent types of siRNA targeted to mRNA of Jun dimer-
ization protein 2 (JDP2). Qur detailed analysis demonstrated that siRNAs with only one mismatch,
relative to the target, on the antisense strand had reduced RNAIi effect, whereas the corresponding
mutation on the sense strand did not interfere with the RINAI, Moreover, one 2-hydroxyethylphos-
phate (hp) substitution at the 3'-end of the antisense strand but not of the sense strand also prevented
RNAi, whereas a related modification at the 3'-end of cither strand, using 2'-0,4"-C-cthylene thymi-
dine (eT), which is a compenent of cthylene-bridge nucleic acids (ENA), completely abolished
RNAi. These results support the hypothesis that the two strands have differex functions in RNAi in
cultured mammalian ceils and indicate that their chemical modification of siRNAs at the 3'-end of
the sense strand exclusively is possible, without loss of RINAI activity, depending on the type of
meodification. Beciuse modification at the 3'-end of the antisense strand by hp or €T abolished the
RNAi effect, it appears possible that the 3"-end is recognized by the RNA-induced silencing complex
(RISC).
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INTRODUCTION

NA INTERFERENCE (RNAL) (S A HIGHLY SPECIFC

mechanism of postiranscriptional silencing of pene
expression that is triggered by double-sirandedt RNA
{dsRNA). Posttranscriptional gene silencing (PTGS) by
dsRNA has becn demonsteated in plants, nematodes,
Drosophita, protozoa, and also in marmnzhan celly
¢ Akashi el at., 2002; Caplen et al,, 200(; Elbashir et al.,
2001a: Fire et al, 1998; Fire, 1999; Hammond et al.,
2001b: Howard o al., 1999; Maizke ct al., 2001; Mis-
quitta and Paterson, 1999; Miyagishi and Taira, 2002;
Napoti et al., 1990; Sharp, 2001: van der Krol et al.,
1990; Zamore, 2001), It is likely thal such vesponses to
dsRNA have been conserved in various cukaryotes to
prevent the transposition and replication of foreign nu-
cleie acids (such as (ransposons or viruses) (Baulcombe,
1999; Grant, 1999; Plasterk, 2002; Rateliff et al, 1999,
Stack et al,, 1998). The biologic pathway of RMAI re-
mains to be tully clarified, but recent genetic and big-
chemical analysis nsing Caenorhabditis elegans and ex-
tracts prepaved fram Drosaphila melanogaster have
resulted in putative models for RNAI at the molecular
level.

Tt appears that dsRNA is cleaved first into RNAS of
~71-25% nuclectides (a1} in length, which ore referred to
as small interfering RNAs {siRNAs), Dicer, a member of
the ribonuclease Tl family (Bemstein et al, 2001}, cat-
alyzes these endonucleolytic cleavages, The siRNAs
form o multicomponent nuclease complex knewn as an
RNA-induced silencing complex (RISC) (Hammand et
al., 20012), and the siRNAs function as guide RNAs, di-
recting the complex to the target mRNA (Nykanen ot al,
2001). The targeted mRNA is recognized by protein frc-
tors within the RISC and cieaved by the nuclease within
RISC (Hammond et al., 2000).

The phenomenon of RNAi hos been exploited as a
powerful tool in reverse-genclic studics of C. elegans
(Fraser ¢t al., 2000; Gonezy et al., 2000). Until recently,
the application of RNAI (o differentiated mammalian
cells was problematic because of the activation by long
dsRNAs (>>30 basc paics {bpj) of two enzymes that are
related to intecferon (IFN) responses: (1) 2,5 -oligoad-
enylate synthetase {2',5'-0AS), which increases the con-
centration of 2',5/-oligoudenylate that activates RNase L,
a scquence-nonspecific RNase (Silverman, 1997, and
{2) protein kinase PKR, which, in is active form, phos-
phorylates initiation factor 2e (eIF2e), shuting down
protein synthesis (Clemens and Elia, 1997). A specific
RNAIi effect has been achieved, however, using a duplex
of 2[-nt RINAs that form a 19-bp region, which is smalt
enough to bypass IFN respoases in differentinied col-
tured cetls {Elbashir et ab., 2001%). Thus, RNAi has the
potential to become a valuable wol for analysis of the bi-
clogic functions of genes in marmalian cells.
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We describe here an assessment of the cetivity of
siRNAs targeted to a member of the activated protein |
(AP-1) Tamily of Granseription factors, namely, Jun
dimerization proiein 2 JDP2) (Piu et al,, 2001}, as well
as of he chemical and sequence requirements of sense
and antisense strands of siIRNA duplexes for RNAIL in
fines of culiured mouse ceils, We found that « single mis-
maich (relative to the target) on the antiscnse strand but
nol on the scnse sand reduced the RNAJ effect by siR-
NAs. Our data ave consistent with previously reported re-
sults obtained with exteacts of D. melanogaster (Eibashir
et al., 2001c). Furthermore, a single 2-hydroxycthylphos-
phate substitution at the 3’-end of the antisense strand bul
not of the sense strand also prevented RNAQL These re
sufts suppost the hypothesis that the two trigger steands
have different Function in RNAI,

MATERIALS AND METHODS

Construction of reporter plasnid

A plasmid encoding IDP2 and luciferase (JOP2-luc-
expsessing  plasmid) for luciferasc assays was con.
structed as follows. A fragment, which encoded JDOP2,
wus amplified by PCR with pCR3.1-jdp-2 (unpublished
observations) as template and primers 5'-AAA AAA
AAG CTT ATG ATG CCT GGG CAG ATC CCA GAC
C-3 and 5'-AAA AAA AAG CTT CCT TCT TGT CCA
GCT GCT CCA GCA GT-3' (unpublished observations).
After digestion of products of PCR with HindlT, [rag-
ments were figatexd into the Hindlli siwe of pGL3
(Promegn, Madison, W1), which cneoded firelly lucifer-
ase.

Preparation of RNA

A modified nucleoside 3'-O-phosphoramidite vnil, 3'-
O-{4 4 -dimethox yuityl)-2'-04'-C-cthylene  thymidinc
3%.0-(2-cyanoethyl) phosphoramidite and cthylene gly-
col-attached CPG were prepared as reporied previonsty
{Koizami et al., 1997: Morita et al., 2002). RNA ofigosu-
clentides weve synthesized by an automated synthesizer
(model 394, Applied Biosystems, Foster City, CA).
Newly synthesized RNAs were deprotected and purified
by clectrophoresis on a denaturing polyacrylamide gel
(Scaringe et al., 1990). Afier eluiion from the gel, the
siRNAs were desalted by passage through a NAP-10 col-
umn (Amersham Phavmacia Biotech, Buckinghamshire,
UK.} with elution in RNase-free walcr and dried under a
vacuum. For annealing of siRNAs, 20 uM single staands
were incubated in anneating bulfer {100 mM potasstum
acetate, 30 mM HEPES-KOH, pH 7.4, 2 mM magnesinimn
aceiate) at 95°C for | minute, cooled tw 70°C for |
rainute, and then slowly cooled ta 37°C over the course
of 60 minutes.
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Culture and transfection of cells

Mouse RAW2G4.7 and NIH3IT3 cells were purchased
from Dainippon Pharmacewtical Co. {(Osaka, Japan).
Cells were maintained at 37°C in a humidified atmo-
sphere of 5% CO, in air in DMEM suppiemented with
10% heat-inactivate (56°C for 30 minutes) fctal bovine
serumn (FRS), 100 pg/m) streptomyein, and 100 Ufml
penicitlin (al) from Life Technologies, Inc., Rockvitle,
MD). Transfection of siIRNAs for gene targeting was per-
formed using Lipofectamine™ 2000 (Lifc Technologies,
fnc.) with 20.8 oM siRNA duplex, sense or antisense
RINA per well. Stably transformed RAW?264.7 eclls were
wransfected twice with an interval of 15 howrs,

Assays of luciferase activity

Twenty-four hours before transfection, NIHIT3 cells
(2 % 10%ml) were transferred to 12-well plates (1 ml per
well), They were transfecied, using Lipofectamine 2000,
according to insteuctions for wansfection of adherent cell
lines. For luciferase assays, cclls in individual wells were
wansfected wilth 200 ng JDPZ2-luc-cxpressing plasmid
and the indicated amounts of sIRNA duplex, sense or an-
iisense RNA, together with 20 ng of a second reporter
plasmid, pRL-§V40 (Promega), which encoded lucifer-
use from Reailla. Afier 24 hours, cell extracls were pre-
pared in Passive Lysis Buffer (Promegu). The activities
of firefly and Renille luciferases in cell lysates were de-
termined with i dual-luciferase assny system (Promega)
according (o the manufuclurer's protocol. Results were
confirmed by at [east three independent iransfection ex-
periments with two cultures each and are expressed as the
average from six experiments as mean * SD.

Antibodies

Actin-specific antibodlies were purchased from Sigma-
Aldrich, Inc. (5. Louis, MQ), and hemagglutintn-spe-
cific (HA-specific) antibodies were obtained from Roche
Dingnostics K.XK. (Tokyo, Japan). For Western blotling,
horseradish peroxidase (HRP)-linked aniibodlies against
rabbit IgG (Amersham Pharmacia Biolech) and against
vat 1pG (Santa Cruz Biotechnology, Inc., Sante Cruz,
CA) were used as second antibodics,

Western blot analysis

Transfected cells, grown in 12-well plates, were
washed with phosphate-buflered saline (PBS) and )ysed
in RIPA buffer (1% NP-40, 0.5% deoxycholic acid, and
0.1% SDS in PBS) supplemented with complete protease
inhibitor cocktail {Roche Diagnastics K. K) 1o yield
whole cell extracts, Concentrations of protein were detec-
mined with a BCA protcin assay kit (Pierce, Rockford,
IL) with bovine serum albumin (BSA) as the standard,
[ndividual samples containing equal amounts of protein
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{10-15 pg) were subjected o SDS-palyacrylamide pel
clectrophoresis (SDS-PAGE)} on a 10%-20% gradient
gel, and the proteing on the gel were subsequently clec-
trotranstetred to a polyvinylidene difiuoride membrane.
After the membrane had been blocked with Block Ace
(Dninippon Pharmacewticels Co.), the membrane was in-
cobated first with the indicated antibodies and then witlh
peroxidase-conjugaled sceond antibodies. Bands of im-
munoreactive protein were detecled with an ECL Plug
Western blotling detection systein (Amersham Pharma-
cin Biotech) according to the manufacturer's instructions.

RESULTS

Design of SIRNA targeted to gene for JDPZ and extimation
of effects of XIRNA on gene expression

In this study, we selected the genc for JIDPZ as the tar-
get gene Tor assessment of the effects of siRNA in cul-
tured mammalion cells. The targeted sequence in the
gene for IDP2 (DDBHGeneBank accession number
ABO77438, vecsion GE: 2833639) was arbitrarily chosen
us the sequence from position 300 to position 320 relative
to the codon [or initiation of translation. To ascerlain
whether tavgeting of siRNA was able to induce JDP2-
specific gene silencing, we constructed a plasmid that ex-
pressed a JDP2-luciferase fusion protein (FDP2-lue) 30
that we could monitor the effect of sIRNA in tenns of Ju-
ciferase activity. We cotransiected cefls with siIRNA wnd
the JDP2-hic-expressing plasmtid. iy controls, sense or
wliscnse RNA steands were used for transfections in-
stend of an sSiRNA duplex.

We found that double-stranded siRNA suppressed ex-
pression of the gence for JDP2-luc by about 50%, as com-
pared with the sense-stvand control, whereas the anti-
sense-strand control reduced expiession by only ~20%
(Fig. 1). These results indicated that the SIRNA silenced
expression of the gene for JDP2-luc specifically. Tn gen-
eral, in nllempting to exploit antisense technology, it has
been very difficult to select accessible target sites
(Kawasaki ct ab., 2002, Krupp apd Guur, 2000; Patzel
and Sczakiel, 1998; Woarashina et al., 2001} in fact,
when we targeled the same site in the gene for IDP2 with
# IRNA-driven hammerhead cibozyme known to be lunc-
tional when accessible sites are targeted (Kuwabaca et al.,
1998a.b, 2001: Tanabe et al., 2000), we were unable to
detect any meaningful suppression {dafa not shown).
However, our first tria] with an arbitrarily chosen target
site resulted in significant {~50%) supptession by
siRINA, demonstrating the power of this technology. We
have not yet searched for more accessible sites, and it is
likely that with more trials, higher levels of suppression
should be possible. .

We next used siRNAS to transfect cells that stably ex-
pressed 2 genc for HA-tagged JDP2 (JDP2-HA) 1o esti-
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1.2

Firefly luciferase/ Reni/la luciferase

SIRNA

FIG. ). RNA interference by siRNA duplexes targeted agaiist
a gene for JOP2 in NIFIIT3 cells. NIH3TD cells were catrans-
fected with 200 ng of 0 JDP2-tuc-expressing plasmid and 136 ng
of siRNA duplex or the sensc or antisense RNA strand, togather
with 20 ng of reporter plismid pRL-8V40, which cncoded Re-
nilla luciferase for reference and narmalization. Columns and
bacs show mean results and SD, respectively,

Antisense

Sense

wate the effects of sSIRNA on expression of a stable trang-
gene, We had to use this strategy because we were unable
to detect endogenous JDP2 with the available antibodies,
most probably because of the jow level of expression of
this protein. Measuring the Jevel of ihe chimeric JDP2-
HaA protein, we were able 10 estimate the effects of
siRNA on the level of endogenous JDP2. We produced a
linc of RAW?264.7 cells that stably expressed JDP2-HA
by transfecting RAW264.7 cells with a plasmid that en-
coded JDP2-HA. These newly preparcd celis were teang-
fected with siRNA. Compared with cells trapsfecied with
only the sense or the antisense strand, siIRNA-transfected
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cells expressed significanty lower levels of JDP2-HA
(Fig. 2). In fact, the specificity and extent of suppression
af the overexpressed and the endogenous JINP2 were sig-
nificantly greater than we had anticipated from the model
study for which results are shown in Figure |, Thus, the
siRNA used in this study should be vsefnl for future
functional anafysis of the biologic roles of endogenous
JDP2.

Effects of 3’ -end modifications on activity af
SIRNA

We tested lwo types of modification of the phosphate-
sugar backbone for their ¢ffects on gene suppression by
siRNAs, Replacement of single or double overhianging
3 -nuelectides by 2'-deoxyribonucleotides does nol pre-
vent RNAI (Bibashir et al,, 2000a,b). This observation
prompted us to examine the effects of replacement of
such overhnnging nucleotides with novel woietics, such
as 2-04'-C-eihylene thymidine (eT) and 2-hydrox-
yethyl phosphate (hp) (Fig. 3A,B). Such modifications

Antisense (20.8nM)

—
=
=
@«
(o)
N
—
1]
[22]
o
4]
3]

SIRNA (20.8nM)

e Actin

-«——— JDPZ2-HA

FIG. 2. The effcct of transfection with an SIRINA duplex tar-
geted ko the gene for JOP2 cells that stably expressed a plasmid
that encoded JDP2-HA, RAW264.7 cells that expressed stably
JDP2-HMA were transfected with siRNA targeted sgainst the
gene for JDP2, Western blotting was pecformed 1o confirm the
specificity of SIRNA, with actin-specific antibodics (1/500) and
HA-specific antibodies (1/500). Protein (£S5 wp) was loaded in
cach lane.
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are Favorable in the case of DNA (Koiztmi ct al., 1997;
Morite et al., 2002), and they might also be uscful for
elucidation of relationships betwecn the steuctwre and the
activity of medified siRNAs.

Replacement of 2-nt 3° overhangs with €T, even when

2-hydravysthyiphasphots (hp) 2= O’ + eathytons thymhilize {7}

. %' CAGAGGGAGUCAGAGCGGCUT ¥
B #RNA 3qy61clICCoUCAGUCUCETOG ©

4 o ¥ CAGAGGGAGUCAGAGCGGOUT ¥
¥ e ToTQUCUGGCUGAGUCUCGGGG

5 CAGAGGGAGUCAGAGCGGCeTaT &

02 .
2 TUGUCUCCCUCABUCUBGECS *
. &' CAGAGGGAGUCAGAGCGGCeTeT ¥
g TaTGUCUCCCUCAGUCUCGCCG Ff
44 5 CAGAGGOAGUCAGAGCGGCUT &

3 hgTUGUCUCCCUCAGUCUCACCE ¥

g5 ¥ CAGAGGGAGUCAGAGCGGCUThe *
3 TUGUCUCCOUCAGUCUCGOOG

- 5 CAGAGGOAGUCAGAGCGGCUThp ¥
T hpTUGUCUCCCUCAGUCUCGECE ¥

!

Firefly luoierase/Rernilla luciferase

£3iRA

mezuauausssgg
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the modilicution imvolved only the sense steand, abol-
ished RNAL After replacement of a 1-ni 3’ overband on
the sense sicand with bp (No. 3), the activity of RNAj
was retained, but similar modification of the antisense
strand (No. 4) diminished the RNAI effect, reaching o
the tevel of unlisense RNA effect (Fig. 3C). Thercfore,
the nature of the chemical mndification at the 3'-end of
the sense steand determines if the RINA] effect is retained
(compare No. 5 and siRNA in Fig. 3C). Howaver, we did
nol detect an enhanced RNAI effect afier introduction of
the exonuclense-resistunt hp siRNA (No. 5) when we ex-
amined the cffect 4 days aller wansfection (date not
shown) rather than 24 hours of transtection (Fig. 3C).

Effects of mismatches on activity af siRNA

To assess the requirement for sequence specificity in
target recognition by sense and antisense strands, we in-
rroduced sequence mismatches into the paired segments
of sSiIRNA duplexes and also into individual sense andl an-
tisense strands (Fig. 4A). The cltects of these changes
were quaniificd by luciferase assays in NJH3T3 cells. As
shown recently by others (Elbashir et al,, 2001c), one or
several mismatches (with reference W lhe Gupget se-
quence) introduced nio the paired segments of sIRNA
doplexes (Nos. 1 1—14 in Fig, 4A) und oune or several mis-
matches within antisense strands (Nos. 15-18 in Fig. 4)
sigaificantly reduced the RNAJ effects. Limited RNAI
clfects by these mismatches were not campletety in ac-
cord with the findings of more recent studies, possibly
beeouse of the chifferent condilions vsed (Holen et al.,
2002).

In contrast, limited mismalches in the middle region ol
the sense strand in the sIRNA duplex did net reduce the
extent of RNAJ (Fig. 4B, left), Specifically, compared
wilh the parent 5iRNA, Nos, 7 and 8 siRNAs, with one
and two mismatches, had a similar RNAL ellect. {ntro-
tuction of luger nombers of mismalches gadually re-
duced the extent of RNAL, as i the case, for example, of
Nos. 9 and 10, with three and five mismulches, respee-

o)
g

FIG. 3. Effects of chomical modifieations on the activity of
SIRMA, (A) Schematic RMNA baclchone and the modificntions
tested in this study. (B) Sequences of the chemicnlly madificd
$iRNAg, (C) Effects of chemicnl modlificution on the etivity of
SiRNA in NIH3T3 cclls. Cells were catransfected with 200 ug
of (be JDP2-luc-expressing plasimid and 214 ng of SiRNA du-
plex (25 nM) or the sense ar antisense RNA strand, topether
with 20 ng of the reporter plasmid pRL-3V40 that encoded Re-
aifla huciferase for reference and normalization. The values
were noymalized (o Renifla tuciferase activity. The resulls were
confivmed by at least three independent traastection cx peri-
ments with two cultures each. Columns ard bars show mean re-
sults and SN2, respectively,
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Firefly luciferase/ Renilla luciferase

siRNA

#7

#B

#o

#10

#

#12

#13

#14

#15

#15

#17

#18

s TR AT

. 9 CAGAGGGACUCAGAGGGGCUT ¥
3" TUGUCUCCCUTAGUCUGGCCG ®

. ' CAGAGCGACUCAGAGGGGCUT ¥
3' TUGUCUCCCUCAGUCUCGCCG *

_ 5'GAGAGGGACUCACAGCGGCUT &
3 TUGUCUGECUCAGUCUGGCCG S

. 5'CAGAGGGAGUCACAGCCGCUT ¥
3' TUGUCUGCCUCAGUCUCGCCG ¥

. 5 CAGAGGOACUCAGAGCGGCUT ¥
3 TUGLICUCCCUGAGUCUCGCGG S

, 5 CAGAGCGACUCAGAGCGGCUT ¥
3' TUGUCUCGCUGAGUCUCGCEG ®

. 8 CAGAGCGACUCACAGCGGCUT ¥
¥ TUGUCUCGCUGAGUGUCGCCG ®

. 5'CACAGCGACUGAGAGCCGCUT ¥
3 TUGUBUCGCUGAGUGBUCGRCG

, 9 CAGAGGGAGUCAGAGCGGCUT ¥
3" TUGUCUCCCUGAGUCUGGCCG §

 5'CAGAGGGAGUCAGAGCGGCUT ¥
3' TUGUCUCGCUGAGUCUCGCCG ™

5" CAGAGGGAGUCAGAGCGGCUY
3 TUGUCUCGCUGAGUGUCGCCG S

. ¥ CAGAGGGAGUCAGAGCGGGUT 3
3 ruc(\z"ﬁgucgcU%Acz.ug_ucmoe,UsT
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FIG. 4.  Effects of mismacches on the activity
of siRNA. (A) The sequences of mismatched
siNAs ave shown, with mismatehed nuclen-
tides underdinedl, siRNAs Nos, 7-10 have mis-
midehes on the sense steand, $IRNAS Nos,
£1-14 have mismatches on the sensc and anti-
sense slrand, and 5iRNAs Nos, [5-18 have
wismntehes on the anfisense strand. (B) Bi-
fects of mismatehes on the activity of siRNA
in NI3T) cells. siRNAs Nos. 7-10 have mis-
matches on the sense steand (left). siRNAs
Nas. 71-14 have mismatciics on the sense tod
antisense strand, and siRMNAS Nos. 15-18 have
mistmatches on the antisense strand {right).
For detalls of Juciferase assays, see legend to
Figure 3C. Results were confirmed by at least
three independent transfection  experimenis
with two cultures each.

¥7

$8 #9410

11

siRNA

Sense

Antizense

32 ¥13 B4 115 816 #TT 318

Sanss

siANA

Anbisense

19
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tively. We oblained very similar results wilh RAW264.7
cells (data not shown).

DISCUSSION

siRNAs repress the expression of larget genes and
have considerable potential as tools for analysis of pene
funclion and clinical therapy (Elbashir et al, 20G1b), par-
ticularly when they can be expressed by vectors (Brum-
melkamp et al,, 2002; Lee et al., 2002, Miyagishi and
Tatrn, 2002; Paddison et ak., 2002; Pavl et al., 2002; Sui
et al., 2002: Tuschl, 2002; Yu et al., 2002). In this study,
we examined the RNAI effect of a chemically synthe-
sized siIRNA that was largeted to a pene for JDPZ, and we
also examined the effects on sIRNA activity of chemical
modification and of mismatches on the sense and anti-
sense RNA strands in cultured mammalian cells. We
confirmed some previous observations made in C. tle-
guns, Drosophila, and exiracts of D. melanogasier
(Boutla et al,, 2001, Elbashir et al., 200 ¢, Parrish etal.,
2000) using cultured mammalian cells and obtuined new
information about the cffcets of mismatches and of
chemical modiftcation.

Our resulls demonstente that RNAG is unaffected by
limited mismalches wilhin the sensc sleand (Fig. 4, Naos.
7 and ), but chemical modification of the 3'-end of the
antisense srand dramatically reduced he extent of RMAI
{Fig. 3B,C, Nos. | and 4). However, modification at the
3" ond of lhe sense strand is tolexated depencling on the
nature of the chemical modification (Fig. 3B.C. Nos, 2
and 5). These modifications might affect the incorpara-
tion of SIRNA into the RISC and probably do not aflect
target recognition by the anlisense strand, as he se-
guence of 3* overhangs does not appear 10 influence the
binding or recognilion siep (Elbashir et al., 2001c), Alter-
natively, it remains a possibility that 5 phosphorylalion
of sIRNA duplexes, which was shows to be vequireel fou
RNAi effect, might be reduced by 3' modification
(Nykanen et al, 2001). Experiments using a series of
SiRNAS with mismatched sense strands supgested that
the incotporation of SIRNA into the RISC can tolerale
fimited structural changes within the sense strand, such
as mismatches of up to 2 it and chemical modification of
the 3"-end by hp.

Our transfection experiments demonstrated the ef-
fective and specific reductiou of expression of a trans-
gene that cneoded JDP2 in a line of mouse macro-
phages, RAW264.7. Thus, ow SiRNA should be a
useful tool in attempting to characterize the functional
significance of endogenously expressed JDP2. To our
Knowledge, this is the first report that demonstrates by
chemical modifications that the sense and antisense
strands have different functions in RNAI in culwured
mammaliun cells.
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