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ABSTRACT: RNA interference (RNAI) is proving to be a robust and versatile technique for controlling
gene expression in mammalian cells. To fully realize its potential in vivo, however, it may be necessary
to introduce chemical modifications to optimize potency, stability, and pharmacokinetic properties. Here,
we test the effects of chemical modifications on RNA stability and inhibition of gene expression. We find
that RNA duplexes containing either phosphodiester or varying numbers of phosphorothioate linkages
are remarkably stable during prolonged incubations in serum. Treatment of cells with RNA duplexes
containing phosphorothioate linkages leads to selective inhibition of gene expression. RNAI also tolerates
the introduction of 2deoxy-2-fluorouridine or locked nucleic acid (LNA) nucleotides. Introduction of
LNA nucleotides also substantially increases the thermal stability of modified RNA duplexes without
compromising the efficiency of RNAI. These results suggest that inhibition of gene expression by RNAI
is compatible with a broad spectrum of chemical modifications to the duplex, affording a wide range of
useful options for probing the mechanism of RNAi and for improving RNA interference in vivo.

The control of gene expression with nucleic acids is a have been critical for the development of classical antisense
powerful tool for investigating protein function inside cells oligonucleotides, they may improve the thermal stability,
and may provide a new class of therapeutits4). Short serum stability, cellular activity, or pharmacokinetic proper-
interfering RNAs (siRNAS) can regulate gene expression ties of siRNA. Chemical modifications should be useful tools
in mammalian cells through RNA interference (RNABH for investigations into the mechanism of RNAi and the
10). It is important that sSiRNAs be compared to chemically function of the proteins that make up the RNAI induced
optimized classical antisense approaches (i.e., approaches thailencing complex (RISC).
employ single-stranded oligonucleotides to target mMRNA),  One important chemical modification for classical anti-
but initial results suggest that (i) fewer RNA duplexes may sense oligonucleotides is the replacement of phosphodiester
need to be screened to identify active siRNAs and (ii) with phosphorothioate (PS) linkages6(-18). PS linkages
siRNAs may be tend to be more potent inhibitors of gene reduce cleavage by nucleases and increase the half-life of
expression and less toxic to cells, making them more robustoligonucleotides in vivo. PS linkages also increase binding
tools for many investigators. Reports also indicate that SIRNA to serum proteins leading to reduced rates of clearance and
can function in vivo {1-14). improved bioavailability of antisense oligomerks).

Chemical modifications have been essential for the Another widely used class of alteration involves modifica-
development of classical antisense oligonucleotides and theirtion of the 2 position of the ribose ring, including’-®-
advancement into clinical triald{4, 15). The two strands  methyl (2-O-meRNA) (19), 2-deoxy-2-fluorouridine @0,
of the siRNA duplex can be produced by standard protocols, 21), and locked nucleic acid (LNARR—24), which contains
and many of the chemical modifications that have been a methylene linkage between theahd the 4 positions of
developed to improve classical antisense oligonucleotides carthe ribose (Figure 1). These chemical modifications can
also be introduced into RNA. Because these modifications increase stability to degradation by nucleases or improve
thermal stability as measured By, values. None of these
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Ficure 1: Chemical structures of native RNA and the chemical
modifications used in these studies. Clockwise from top: unmodi-
fied RNA, phosphorothioate (PS) RNA/-@-methyl RNA, 2-
deoxy-2-fluorouridine, and locked nucleic acid (LNA).

fluorouridine also did not affect RNARG). In experiments

in Drosophilacell lysate, Tuschl and co-workers have shown
that siRNA containing 20-methyl modifications to either
the sense or the antisense strands are ina@®)elf mam-
malian cell culture, Zamore and co-workers found that re-
moval of the 3-hydroxyl does not affect activity2(7), while
Rana and Chiu found that freé-Bydroxyl groups are essen-
tial for activity and observed that a blockedt8rminus was
tolerated 28). Prydz and co-workers have reported that mini-
mal substitution with 20-methyl nucleotides or PS linkages
is tolerated but that extensive PS substitution is toxic to cells
(29).

Here, we examine the effect of chemical modifications
on RNAIi in mammalian cell cultures. We observe that
unmodified duplex RNA is remarkably stable in serum.
Inhibition of gene expression is compatible with PS; 2
deoxy-2-fluorouridine, or LNA modifications. Introduction
of LNA nucleotides can also greatly increase thermal
stability. These results suggest that chemical modifications
can provide useful tools for analyzing the mechanism of
mammalian RNAI and for improving the efficacy of RNAI
in mammalian cell culture and in animals.

MATERIALS AND METHODS

RNA OligonucleotideQligomers were synthesized on a
0.2 umol scale and were obtained after lyophilization from
Oligos Ect. (Wilsonville, OR) or from the RNA synthesis
core at the Center for Biomedical Inventions (University of
Texas Southwestern Medical Center at Dallas). Oligomers
that contained LNA nucleotides were kindly provided by
Proligo LLC (Paris, France).

RNA oligomers containing'2deoxy-2-fluorouridine (Glen
Research, Sterling, VA) were synthesized on an ABI 392
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synthesizer using either dT columns or on Universal Support
Il columns (Glen Research) for oligomers containing'a 2
fluoruridine at the terminal '3osition. To aid purification,
the B-terminal group dimethoxytrityl group was retained after
synthesis. 2Deoxy-2-fluorouridine phosphoramidate was
dissolved in 3.9 mL of acetonitrile. All other reagents includ-
ing deblock (dichloroacetic acid), activator (0.25 M 5-eth-
ylthio-1H-tetrazole in acetonitrile), Cap A (THF/lutidine/ace-
tic anhydride), Cap B (10%l-methylimidazole in tetrahy-
drofuran), and oxidizer (0.1 M iodine in THF, water, pyri-
dine) were obtained from Transgenomics Inc. (Wayne, PA).
Phosphorothioate linkages were introduced usif13®-
benzodithiol-3-one 1,1-dioxide (Glen Research) as oxidizer.
RNA nucleotides were protected witert-butyl dimethyl
silyl groups (TBDMS). Final deprotection was performed
using manufacturer recommendations for both types of
supports used.

Dimethoxytrityl (DMT)-protected oligomers were desalted
by dissolving the RNA oligomer in 1 mL of 0.1 M
triethylammonium acetate (TEAA). A Poly-Pak cartridge
(Glen Research) was preconditioned by washing with 2 mL
of acetonitrile, followed by 2 mL b2 M TEAA. The RNA
oligomer was loaded onto the cartridge, and the filtrate was
collected and reloaded twice. The bound oligomer was
washed with 3x 10 mL of 0.3 M ammonium acetate,
followed by 4 x 10 mL of sterile warm (70C) water. The
cartridge was washed with 4 mL of a 2% trifluoroacetic acid
(in water) solution with incubations at room temperature for
3 min. This incubation removes the DMT group. The
cartridges were then immediately flushed with 10 mL of
water followed by 3x 10 mL of 0.3 M ammonium acetate
followed by 4 x 10 mL of warm water. Oligonucleotides
were eluted with 1.5 mL of 50% aqueous acetonitrile in an
RNase-free vial and dried at 6% with a gentle nitrogen
flow. Stock solutions were prepared using diethylpyrocar-
bonate (DEPC) treated sterile water. Oligonucleotides were
allowed to sit at room temperature for 5 min, vortexed several
times briefly (2-4 s), then heated to at least @ to enhance
solubility, and centrifuged briefly to remove remaining
insoluble material. Concentrations were determined by
diluting the stock solutions in DEPC-treated water followed
by analysis using a UV spectrometer. Concentrations were
calculated using a 40 ngl conversion per 1 optical density
unit at 260 nm.

Duplex Formation.RNA duplexes (10Q«M each) were
prepared by the annealing of complementary oligonucleotides
in thin-walled PCR tubes containing 2.5 PBS (10X
phosphate buffered saline, pH 7.4, without calcium or
magnesium chloride, 10 mM KIRO,, 1550 mM NaCl, 30
mM NaHPQO,-7H,0, Invitrogen). Annealing of RNA du-
plexes was performed in a thermal cycler according to the
following temperature profile. Reductions in temperatures
occurred in 1 min with hold times indicate8i@, min): 95,

5; 85, 1; 75, 1; 65, 5; 55, 1, 45, 1; 35, 5; 25, 1; and°Ch
1 min, hold at 15°C. After annealing, the RNA duplexes
were stored at-20 °C.

Melting Temperature Analysidlelting temperatureT(,)
studies were performed by measuring the change in absor-
bance at 260 nm using a Cary 100 Bio UV/Vis Spectropho-
tometer equipped with a 12-position sample holder and a
Peltier temperature controller (Varian Inc., Walnut Creek,
CA). Determinations were performed in a 0.9 mL stoppered
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semimicro quartz cuvette (Varian). The sample was prepared20 s with short bursts and then allowed to incubate fot8

by mixing 8 uL of 100 uM annealed RNA duplex stock
solution with 398uL of 0.1 M diammonium citrate buffer,

min at room temperature. Samples that were used im-
mediately were centrifuged at 12 @pfbr 5 min at 4°C to

pH 7.0. Diammonium citrate was used because it producedpellet debris. Samples not used for immediate analysis were

the clearest thermal transitions for the fully PS-substituted

stored at 4 or-20 °C.

duplexes and was used for all measurements to ensure con- Protein content was determined for each sample in a 96-

sistency. Samples were overlaid with 400 of mineral oil

well plate format by the BCA method (Pierce, Rockford,

to prevent evaporation at higher temperatures and to makelL). Western analysis by SDSPAGE was performed using
the upper and lower baselines more consistent. Data werestandard methods. Primary antibodies rabbit polyclonal anti-

collected with the Cary WinUV Thermal software from 98
to 14°C and from 14 to 98C in 2 °C increments with an
equilibration time of 0.2 min at each temperature after an
initial 2 min equilibration prior to starting the temperature
ramping. Data were collected in both directions (denaturation

human caveolin (BD Transduction Laboratories, San Jose,
CA) were diluted 1:5000 in TTBS and placed on a rocker
platform far 1 h atroom temperature. The membranes were
washed twice for 5 min each in TTBS. Secondary antibody
conjugate (HRP conjugated goat-anti-rabbit or goat anti-

and annealing) to confirm that the observed curves were mouse) were diluted 1:12 500 in TTBS and placed on a

reversible. Data were subjected to nonlinear curve fit analy-
sis, and thél,, was determined using van't Hoff parameters

included in the software. Independent analyses were per-

rocker platform fo 1 h atroom temperature. Membranes
were then washed four times for 5 min each in TTBS. Each
membrane was incubated for 5 min in 4 mL of SuperSignal

formed for the data corresponding to the denaturation and West Pico Chemiluminescent substrate (Pierce), then drained,

annealing profiles, and the average value was reported.

Transfection of siRNA into HeLa Cells with Cationic Lipid.
Hela cells (ATCC CCL-2) were cultured in Dulbeco’s Modi-
fied Eagles Medium (DMEM) containing 4 g/L glucose (Sig-
ma, St. Louis, MO) supplemented with 10% fetal bovine
serum (Atlanta Biologicals, Norcross, GA), 20 mM HEPES
buffer (final concentration, pH 7.4), 4 miMglutamine, 500
units/mL penicillin, 0.1 mg/mL streptomycin, and 0.01 mg/
mL tylosin (anti-mycoplasma reagent) (Sigma, St. Louis,
MO). Cells were cultured at 37C with a 5.2% CQ
atmosphere.

Cells were seeded in 24-well plates at a density of 18-000

placed in a transparent sheet protector, exposed to BioMax
Light film (Eastman Kodak Company, Rochester, NY) for
1-60 s, and developed according to manufacturer’s recom-
mendations. Films were quantified from the scanned images
using Sigma Gel analysis software (SPSS Science, Chicago,
IL). The control antibody was mouse antitubulin (clone
B-5-1-2) (Sigma).

Assays for Serum Stabifit A 15 uL aliquot of duplex
RNA (500 ngkL each strand) or single-strand RNA (1000
ng/uL) added to 15«L of complete tissue culture medium
was added, resulting in a solution containing 5% final
concentration of fetal bovine serum. At specified times, a 5

20 000 cells per well and allowed to attach to the culture uL aliquot was removed, mixed with 14L of formamide,

vessel for 8-12 h prior to transfection. Duplex siRNA were

flash frozen at-70 °C, and stored at20 °C. Samples were

prepared as described above at stock concentrations of eitheanalyzed using a 15% polyacrylamide gel (National Diag-

20 uM or 100 uM. Lipid-siRNA complexes were prepared
at 200 nM, and serial dilutions were performed after
formation of siRNA-lipid complexes. OligofectAMINE (In-

vitrogen, Carlshad, CA) was used to deliver siRNAs.

Transfection solutions were prepared according to manufac-

turer protocols with antibiotic free medium, and 400 of

the transfection solution was dispensed per well. Transfec-

tions were conducted overnight{0—14 h), after which the
solution was removed and replaced with growth medium

nostics) containig 7 M urea and TBE (0.089 M Tris base,
0.089 M boric acid (pH 8.3), and 2mM MaDTA) buffer.
Following electrophoresis, gels were stained for 40 min in a
1:10 000 dilution of SYBR Green Il RNA gel stain (Mo-
lecular Probes, Eugene, OR) prepared in DEPC treated water
and visualized on a UV-transilluminator. The gel images
were obtained using an IS-500 Gel Documentation System
(Alpha Innotech, San Leandro, CA).

RT-PCR AnalysisHelLa cells were transfected as above

containing antibiotics. Cells were harvested for Western blot with 200 nM inhibitor. Cells were harvested by washing the
analysis 48-h post-transfection (this was the time required cells once with 1X PBS, aspirated, and treated with 200

for cells to reach confluence within the wells).

Western Blot Analysis for Human @eolin. Cells were
harvested by washing the cells once with 1X PBS, aspirated
and treated with 5@L of a trypsin solution (0.05% Trypsin,
0.53 mM EDTA4Na, Invitrogen) at 37C for 2 min. Trypsin
was inactivated by the addition of culture medium containing
20% FBS. The contents of each well were transferred

of a trypsin solution (0.05% Trypsin, 0.53 mM EDT/N\a,
Invitrogen) at 37°C for 2 min. Trypsin was inactivated by

,the addition of 40QuL of culture medium containing 20%

FBS. The contents of each well were transferred separately
into 1.5 mL microfuge tubes and centrifuged at 1@ 5

min at 4°C. The supernatant fluid was discarded, and the
cell pellet was suspended in 400 of 1X PBS. The contents

separately into 1.5 mL microfuge tubes and centrifuged at were again centrifuged at 109Gor 5 min at 4°C. The

100@y for 5 min at 4°C. The supernatant fluid was discarded,
and the cell pellet was suspended in 440 of 1X PBS.
The contents were again centrifuged at 1@ 5 min at

4 °C. Cells were then lysed with 460 uL of ice-cold lysis
buffer (120 mM Tris-base, pH 7.4, 120 mM NaCl, 1 mM
Na-EDTA, 1 mM DTT, 10 mM g-glycerophosphate, 0.1
mM sodium fluoride, 0.1 mM sodium vanadate, 0.5% v/v
Nonidet P-40) containing Complete Protease Inhibitor Cock-
tail (Roche, Indianapolis, IN). Tubes were vortexed for-10

supernatant fluid was discarded, and the cell pellet was flash
frozen in an isopropyl alcoheldry ice bath for 20 min and
stored at—80 °C.

Cell pellets were slowly thawed on ice, and the total RNA
was isolated using the RNAqueous procedure (Ambion Inc.,
Austin, TX). RNA was eluted from the binding matrix, with
a 60 and a 4Q@.L aliquot of elution buffer preheated to 80
°C. The concentration of total RNA as determined spectro-
photometrically (Aso x 40 ngiL x inv. dilution). RNA
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samples were frozen and stored-&20 °C short term, until
RT-PCR was performed.

RT-PCR primers were designed for human caveolin-1 and G
cyclophillin C based upon the GenBank accession numbers
NM_001753 and NM_000943, respectively. Primer set one
for caveolin-1 was designed to be completely contained
within the coding region flanking the siRNA target site
(+91..4110), while primer set two was intended to amplify PO-<IRNA PS21iRNA
the complete transcript including portions of tHelBTR and 0 o4 48 73 0 24 48 77
3-UTR regions. The sequences and mRNA target sites for
the primer sets were hCav sense primer-TGTCTGGG-
GGCAAATACG-3 (+2 to +19); hCav antisense primer-1
5'-CCAAAGAGGGCAGACAGC-3 (+322 to+305); hCav
sense primer-2'8SCCCCATACAATACAAGAT-3' (—91 to
—71); hCav antisense primer-2-BTCAGGTATACTTC-
TATCCTTGA-3 (+567 to+545); cyclophilin sense primer
5-CTGGTTGGACGGCAAACAT-3 (+462 to+468); and FiIGURE 2: (A) Serum stability of single- and double-stranded PO
cyclophilin antisense primerBGGCGTTTTCACGTCTAT- and PS RNAs. The PS RNAs contained either 16 (hCav PS16) or
CTTG-3 (+612 to+591). 21 PS (hCav PS21) substitutions on each strand of the duplex.

] ; ; ) Incubations were performed for 0, 1, or 24 h. The degradation of
RT-PCR was performed using SuperScript |l One-Step RNA that occurs at the= 0 incubations occurs during the mixing

RT-PCR with Platinum Taq (Invitrogen, Carlsbad, CA) (.30 s) of RNA and serum prior to freezing of sample:) (=
according to manufacturer’'s protocol adjusted for a total Single-stranded antisense RNA:)(= Single-stranded sense RNA.
reaction mixture of 25L containing 500 ng of total RNA (&) = Duplex RNA. (B) Serum stability of double-strandedt)(
template per 20@L of reaction tube. Reverse transcriptase PO and PS RNA (hCav PS21) over 0, 24, 48, and 72 h &C37
reactions were performed with a PX2 thermal cycler (Thermo . ) .
Hybaid, Middlesex, UK) for 30 min at 56C. The reverse phosphorothioate (PS) linkages between the_ nucleotides, 2
transcriptase was inactivated commensurate with Taq poly-O-methyl (2-O-Me) (19), 2-deoxy-2-fluorouridine @0, 21),
merase activation wita 2 min incubation at 94C. Samples ~ and locked nucleic acid (LNA)22-24) modifications to
were subsequently amplified by PCR for 20 cycles {4 Fhe ribose (Flgure 1). Eaph of these mo_dlflcanons_ can be
15 s; 45°C, 30 s; 72°C, 30 s). At the conclusion of introduced into RNA without su.bstantlal alteration of
amplification, all products were extended to full length with Standard synthesis protocols. Purity was evaluated by gel
a 5 min incubation at 72C and visualized with CybrGreen electrophoresis, ar_1d oligomers were (_Jlesalted to remove small
Il (Molecular Probes). Quantification was performed based Mlécule contaminants that might increase nonsequence-
on area integration of stained amplification products using SPecific toxicity to cultured cells.
Sigma Gel Software (SPSS Inc., Chicago, IL). We use several assays to test the properties of siRNA
Fluorescence Microscopgense strands PO-RNA and PS- containing chemical modifications. We first investigated
RNA were synthesized to include a Cy3 fluorescent label at stability to nuclease digestion by incubation in serum and
the 3-terminus. The labeled sense strand oligomers werethen used fluorescently labeled duplex RNAs to investigate
annealed to their antisense complement of same chemistryuptake by cells. Once stability and uptake were established,
and delivered into HeLa cells as described above into a Lab-we examined inhibition of protein expression. As a target
Tek 4-well chambered coverglass (Nalgene Nunc Interna- we chose the mRNA for an endogenously expressed gene,
tional, Naperville, IL). Transfection of duplex RNAs were human caveolin-1 (hCav). hCav is a 23 kD protein that forms
performed at 100 nM in 400L with OligofectAMINE. After caveolae, a flask shaped invagination of the plasma mem-
an overnight transfection, cells were washed ®ith 500 brane that has been implicated in several cellular signaling
ulL of Opti-MEM at room temperature wita 5 min room- processes3Q, 31). Reduced expression of hCav in cells upon
temperature incubation between washes. Cells were theraddition of siRNA has been demonstrated previou8) (
incubated for 30 min in a 50% (v/v) solution of Opti-MEM and provided a useful starting point for our investigations.
and PBS containing 0.05 mg/mL Hoechst 33258 stain In all experiments, expression oftubulin was used as a
(Sigma) and then washedx5with 500 uL of Opti-MEM. loading control.
After the last wash, slides were analyzed using a Zeiss Stability of Duplex RNA in Serurfio be active inside cells
Axiovert 200 M inverted transmitted light microscope (Carl a nucleic acid must be stable to digestion by nucleases, and
Zeiss Microlmaging, Inc., Thornwood, NY) equipped with to test the stability of RNAs used in these studies, we
a digital imaging system and Slidebook imaging software incubated RNA single or double strands in complete cell
(Intelligent Imaging Innovations, Inc., Denver, CO). Confocal culture medium containing 5% fetal bovine serum arg7
microscopy images of Hela cells treated with Hoechst 33258 (Figure 2; see Figure 4 for sequences). Not surprisingly,
and sense strand Cy3-labeled RNA annealed to an antisensgingle-stranded PO-RNA was completely degraded during
strand. Cells were imaged at 2Qusing Cy3 and UV filter incubations that were as short as 30 s. We were surprised,
sets to image Cy3 and Hoechst, respectively. however, to note that duplex PO-RNA was stable during
incubations in serum for up to 72 h (Figure 2A,B). Similar
RESULTS AND DISCUSSION results were observed for PO-RNA duplexes complementary
Experimental DesignThese studies investigate siRNA to firefly luciferase (results not shown). Since siRNA must
duplexes that contain chemical modifications including remain intact to interact with the RISC complex, it is likely

(+)PO_ (-)PO_ (+/-)PO (+)PS16 (-)PS16 (+/-)PS16 (+)PS21 (PS21 (+/-)PS21
01 24|01 24(01 24 D124|D124 0124|0124 01 24| 0 1 24| hours

- .

hours
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-
Ficure 3: Microscopy of uptake of (A) fluorophore-labeled PO
duplex RNA and (B) PS duplex RNA. Both PO and PS duplexes

1.8

1.
hCav RNA 4

expression/
Cyclophillin 1.0 1
RNA ]
expression

0.6

were labeled with Cy-3 (pink), and nuclei were labeled with 0.0 i
Hoeschst 33258 (blue). 100 nM concentrations of the duplexes were " Cells Lipid Luc hCav hCav hCav hCav
introduced into HeLa cells using OligofectAMINE. only PO PO PS21 F7T L6

FicUrRe 5: Results of RT-PCR measurement of levels of hCav RNA
from Hela cells alone, cells treated with lipid, and cells treated
RO I o £ & with various RNA duplexes. Results were normalized relative to
®F L T & & 5 levels of cyclophilin RNA. The identities of RNA duplexes hCav
C-tubUlin  S———— S . PO and hCav PS 21 are described in Figure 3A. The identities of
2'-deoxy-2-fluoro RNA duplex F7 and LNA-RNA duplex L6 are
described in Figures 6 and 7, respectively.

. ——
hCav .‘ o - . that the extreme stability of PO-RNA duplexes makes an
important contribution to the robust nature of mammalian
0 Sequences S w3ifense () | T RNAI. It is likely that further stability in a cell culture is
215 Antisense () < gained by complexation with lipid, and that once inside cells,
hci‘j’ ttagacgagcugagcgagaagtt 78 the amount of nuclease activity is relatively small.
zzaive :Z:j;:;:::;i:z::::tt - _V\(e also gxamined the stability in serum of RNAs con-
oa £ tucugeucgacuegeuCTLe taining varying numbgrs of PS substlt.u.nons. We had expect-
— gacaagougagegaganats | 69 ed that. PS substltutlons would stabilize RNA becausg in-
bss S troduction of PS linkages greatly enhg_nces_ DNA stability
— ~gacaagougagegaganats | o5 (16, 17) and has been reported to stabilize ribozymes when
oo ttu—g—g—cuqcucgacucqcu—g—g—cwc e_xposed to fetal calf serun33). In fact, we obse_rveq that
— ~qacaadcugagogagasatt | 58 single PS-RNA strands that were subsu_tuted with e|th¢r 12
bo1e ttu—g—g—g—cuqcucgacucch—g—g—ucuuc or 21 (complete) I?S Imkage; were .readlly de.graded (Figure
2A). One explanation for the instability of our single-stranded
hCav agacgagcugagegagaagtt 68 . .
b1 L cugeucaacuCaeuCTe PS-RNAS as compared to _the PS-rlbozymes tested previously
is that the ribozymes fold into strong tertiary structures that
B — — may amplify the stability conferred by the PS linkages. Du-
O ubulin ——— - — — plex PS-RNAs containing 12 or 21 PS substitutions per
hCay - — — =y = strand were stable during extended incubations as long as
—— 72 h, but stability was no higher than that of PO-RNA
duplexes (Figure 2A,B). Similar results were also obtained
100 with PS-RNA duplexes targeted to firefly luciferase (results
80 not shown).
Fien?:ining o0 Thermal Stability of Natie and Chemically Modified
Exrension siRNA The extreme stability of duplex RNA in serum and
the extreme instability of single-stranded RNA emphasize
20 the importance of duplex formation. Depending on their
sequence, some siRNA duplexes may have melting temper-
O o 5 10 50 100 200 5 10 S0 100 200 200nM atures that cause them to be relatively unstable at@7
o hCav PO hCav PS21 e For example, siRNAs that have a high percentage of A/U-

basepairs would be expected to have a lower thermal stability

Ficure 4: (A) Western blot analysis of the inhibition of expression than_ _thos_e that have more G/C-basepalrs._ LOV\.’ ther”?a'
of human caveolin by 200 nM duplex RNA with varying PS Stability might cause these duplexes to dissociate, increasing
substitution. Underlined nucleotides have PS linkages. As negativethe likelihood that they will be degraded and rendering them
controls, duplex PO (lucPO) and PS (lucPS) RNAs targeted againstineffective for RNAI. Therefore, thermal stability will be an

firefly luciferase were also introduced into cells. (B) Western jmportant variable to evaluate when considering the value
analysis comparing inhibition of hCav expression by different f chemical dificati to SIRNA
concentrations of fully phosphodiester (hCav native) and fully ©OF chémical moditications 1o S :

phosphorothioate substituted (hCav PS21) duplex RNA. Luc-PO, Introduction of PS linkages into RNA reduced melting
a duplex phosphodiester RNA complementary to luciferase. Luc- temperature ;) values relative to the analogous duplex

PS, a duplex RNA complementary to luciferase completely i ; ; ; ; _
substituted with phosphorothioate linkages. Luc-PO, a duplex RNA gontglnlngf p;zsphodz[ef?ter Ilnkgges (Flglure_(éj‘rA). ;jl'_f(lje Intro
complementary to luciferase completely substituted with phos- duction of 2-deoxy-2-fluorouridine nucleotides did not

phodiester linkages. Luc-PS, a duplex RNA complementary to Significantly increasd, values (Figure 6), although we note
luciferase completely substituted with phosphorothioate linkages. that no duplex possessed more than two base pairs with 2
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o-tubulin

hCav S . —
1D Sequences 5'—=23'Sense (+) T,
3'€5'Antisense (-) °g

F1 agacgagcugagcogagaagtt 79

Ftucugcucgacucgoucuuc

F2 agacgagcugagogagaagtt 80
ttucugcucgacucgoucuFc

F3 agacgagcugagcgagaagtt 80
ttFougcucgacucgcucuFc

F4 agacgagcugagogagaagtF 79.5

ttucugcucgacucgoucuud

F5 agacgagcFgagocgagaagtt 79
ttucugcucgacucgoucuuc

Fé agacgagcFgagcgagaagtF 79
ttucugcucgacucgoucuud

F7 agacgagcugagcgagaagtF 79.5
Ftucugcucgacucgcucuuc

F8 agacgagcFgagocgagaagtF 80
ttFougcucgacucgcucuFe

Ficure 6: Western blot analysis of the inhibition of expression of hCav by 100 nM duplex RNA with varyidgdXy-2-fluorouridine
substitutions. F= 2'-deoxy-2-fluorouridine.

deoxy-2-fluoruridine nucleotides and that it is it is possible PS RNA and observed that they were reduced (Figure 5), as
that additional 2deoxy-2-fluorouridine substitutions would  would be expected if the RNAs were acting through RNA..
have increased thermal stability significantly. By contrast, These results demonstrate that RNAi in mammalian cells
introduction of four to eight LNA nucleotides substantially tolerates substantial substitution with PS linkages.
increasedly, values (Figure 7). Our observation that hCav-PS21 can inhibit gene expres-
Introduction of siRNAs into HelLa CellsiVe added sion without substantial toxicity contrasts with a recent report
modified siRNAs to HelLa cells in complex with cationic describing extensive cell death upon introduction of exten-
lipid. Confocal microscopy indicated that the fluorophore- sively modified duplex PS-RNA into HelLa cellg¥). We
labeled PO and PS oligomers entered cells. The localizationcannot definitively explain this discrepancy but note that
of fluorophore-labeled PO and PS duplexes appeared tooligomers with phosphorothioate modification can be rela-
indicate that nuclear uptake of the PS duplex was greatertively difficult to purify and that impurities that remain after
than nuclear uptake of the PO duplex (Figure 3), a result synthesis can increase toxicity upon transfection into cultured
consistent with earlier observations that phosphorothioate cells. The precautions taken in our experiments are described
DNAVlipid complexes exhibit enhanced nuclear localization in the Materials and Methods.
(34). Fluorescent assisted cell sorting (FACS) and analysis Treatment of cells with oligonucleotides that contain PS
revealed that greater than 80% of cells were successfullylinkages can cause misleading phenotypes, and it is essential
transfected with either PS or PO siRNA (results not shown). that control experiments be performed to confirm a specific
Inhibition of hCas Expression by Duplex RNA with mechanism36). To achieve this confirmation, we performed
Varying PS SubstitutioWVe introduced duplexes with-842 a series of control experiments that suggest that the observed
PS substitutions per duplex and monitored the inhibition of reduction of hCav expression was due to sequence-specific
hCav expression. All of the siRNA duplexes (hCav-P$3, ( RNAI. Introduction of either the<) or the () RNA strands
hCav-PS84), hCav-PS12+), hCav-PS16+), and hCav- alone had no effect on hCav expression regardless of
PS21 &) inhibited gene expression (Figure 4A,B). We phosphorothioate substitution (results not shown), consistent
observe less inhibition by fully PS-modified duplex hCav- with the expectation that these single strands would not be
PS21 &). Zeng and Cullen have reported that RISC activity stable in serum (Figure 2A). Expression @ftubulin was
is restricted to the cytoplasn3%), and the reduced activity  not reduced by any of the duplexes, consistent with selective
of hCav-PS21+) may be related to the greater accumulation inhibition of gene expression. Finally, RNA duplexes
in the nucleus observed by microscopy (Figure 3). The PO- complementary to luciferase did not inhibit caveolin expres-
RNA duplex reproducibly showed a sharp decrease in sion (Figure 4A,B), suggesting that complementarity to hCav
inhibition between 50 and 10 nM, while the transition for was necessary for the observed inhibition of hCav.
hCav-PS21£) was more gradual (Figure 4B). We also Inhibition of hCas Expression by Duplex RNAs Substituted
measured levels of hCav RNA in cells treated with PO and with 2-Deoxy-2-fluorouridine and 2-O-Methyl Nucleotides
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1 2 3 4 5 6 7 8 9 10 11
L —

TrLrsss .= 8
- . el
ID Sequences 5’'--23' T,
3r€--57 °c

Unmodi - agacgagcugagcgagaagtt 78

fied ttucugcucgacucgcucuuc

RNA

L1 agacgagcugagcgagaagtT 77
Ttucugcucgacucgcucuuc

L2 Agacgagcugagcgagaagtt 76
ttucugcucgacucgcucuul

L3 AgacgagCugagCgagaagtT | =93
TtucugCucgacucgcuCuul

L4 AgacgagcugagcgagaagtT 84
Ttucugcucgacucgcucuul

L5 agacgagCugagCgagaagtt =93
ttucugCucgacucgcuCuuc

L& agaCgagcugagCgagaagtt =93
ttuCugcucgacucgcuCuuc

L7 agacGAgcugagcgagAAgtt 93
ttuCuGcucgacucgCuCuFc

FIGUrRe 7: Western analysis of inhibition of hCav expression by 200 nM RNA duplexesLZ1containing LNA nucleotides. Lane 1,
RNA-LNA duplex L1; lane 2, RNA-LNA duplex L2; lane 3, RNA-LNA duplex L3; lane 4, RNA-LNA duplex 4; lane 5, LNA-RNA duplex
5; lane 6, LNA-RNA duplex 6: lane 7, LNA-RNA duplex 7; lane 8, LNA-RNA F)strand hybridized to native RNA-) strand; lane

9, LNA-RNA 7 (—) strand hybridized to native RNA~) strand; lane 10, duplex native RNA; and lane 11, lipid only, no nucleic acid
added. LNA substitutions are capitalized and in bold.

2'-Deoxy-2-fluorouridine and 20-Me nucleotides are used RNA might be used to increasé, values for siRNA

for optimizing classical antisense oligonucleotid&s+{21), duplexes while retaining high activity for inhibition of gene
and we sought to determine whether these modifications wereexpression.
compatible with RNAI in human cells.'2Deoxy-2-fluorou- To test this hypothesis, we synthesized a series of LNA-

ridine substitutions were introduced at tHet&mini of the RNA chimera containing LNA nucleotides at either tHe 3
RNA strands or internally. In all cases, the resulting duplexes or the 3-termini or internally for their ability to inhibit gene
(F1—F8) caused efficient inhibition of hCav expression upon expression. Belief that the proteins that make up the RNA
introduction into cells (Figure 6), demonstrating that RNAi induced silencing complex (RISC) would recognize LNA-
tolerates at least partial substitution withdeoxy-2-fluoro RNA chimera was encouraged by findings that RNAse H is
nucleotides, providing another option for optimizing RNAi able to recognize and cleave hybrids between DNA-LNA
in mammalian cells. We also measured levels of hCav RNA chimeras and RNAJ7) and that DNA-LNA chimeras can

in cells treated with 2deoxy 2-fluoro substituted RNA and  be effective antisense agents for blocking gene expression

observed that they were reduced (Figure 5). inside cells at concentrations as low asZb nM (38).
Dose response data indicated that the potency of inhibition We observed that introduction of LNA nucleotides in-
by duplexes with terminal or internal-8eoxy-2-fluorou- creasedl, values for hybridization of LNA-RNA chimera,

ridine substitutions was similar to native RNA (results not with just four LNA substitutions within the duplex increasing
shown). Single strands containingdeoxy-2-fluorouridine Tm values by as much as 14C (Figure 7). LNA-RNA
substitutions did not inhibit gene expression when introduced duplexes L1, L2, and L4 that contain LNA nucleotides at
into cells (results not shown). Consistent with reports by 3'-, 5-, or both 3- and 3-termini were able to block hCav
Tuschl of studies of RNAI irDrosophilacell extract 26), expression upon introduction into cells (Figure 7, lanes 1,
we failed to observe inhibition of gene expression upon 2, and 4). These results indicate that the RISC complex can
transfection of fully substituted’ 2D-meRNA in one or both recognize the termini of these oligomers despite the sub-
strands of the duplex (results not shown). stantial geometric constraint imposed by the£2 methylene
Inhibition of hCas Expression by Duplex RNAs Substituted bridge and are similar to findings by Taira and co-workers
with LNA NucleotidesThe introduction of LNA nucleotides  using terminal nucleotides with a-24' ethylene bridge39).
increases the thermal stability of DNA oligonucleotides by ~ LNA-RNA duplex L6 that contains internal LNA substitu-
as much as 10C per substitutionZ2—24). Therefore, we  tions and has &, of greater than 95C was also able to
hypothesized that the introduction of LNA nucleotides into block hCav expression (Figure 7, lane 6). This result led us
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Ficure 8: Dose response Western analysis of inhibition of hCav
expression by chimera LNA-RNA L6 containing LNA bases on
both strands (5aga&Cgagcuga@gagaagtt-3 and 'dtuCugcuc-
gacucgcCuuc-8) (LNA substitutions are capitalized and in bold).

(-) Strand Native RNA
(+)Strand L1 L2 L3 L4 L5 L6 L7 Nat Lipid

o-tubulin ——— —-,
-

i

hCav

—
(+) Strand Native RNA
(-)Strand L1 L2 L3 L4 L5 L6 L7 Nat Lipid
c-tubulin ——————
-
hCav = . :

FicurRe 9: Western analysis of inhibition of hCav expression by
(+) or (=) RNA strands L+L7 containing LNA nucleotides in
complex with the complementary-{ or (+) strands of native
unmodified RNA. Nat.: native, unmodified RNA (hCav-PO).
Lipid: lipid added to cells without any oligomer. All duplexes were
present at 200 nM.

to examine inhibition of hCav expression as a function of
the concentration of LNA-RNA L6 and observed that it was
as efficient as the parent siRNA duplex (Figure 8). Efficient
inhibition by L6 demonstrates thaf, values for RNA

Braasch et al.

200 100 50 25 125 0 nML7
& '\b
R
Q7 v &‘\ 20 20 20 20 20 20 nM hCav
o native

S — o o w0 tubulin
B N

EBEczuzm

Ficure 10: Effect of adding increasing amounts of inactive LNA-
RNA chimera L7 on inhibition of hCav expression by 20 nM non
LNA-containing duplex RNA (PO-siRNA, hCav native described
in Figure 3A).

hCav

strands was not responsible for the lack of inhibition by the
duplex. This experiment led us to extend this analysis of
duplexes consisting of native unmodified RNA hybridizing
to other LNA-RNA chimera. We observed significant
inhibition of gene expression for all duplexes except the
pairings of native sense strand RNA with the antisense L3
strand (Figure 9)T, values were significantly increased for
native RNA in combination with-f) or (—) strands of duplex

L3 (86 and 9C°C, respectively) and for native RA withH)

or (—) strands of L7 (84 and 93 °C, respectively). These
data demonstrate that LNA substitution of just one strand is
adequate to generate increadgdvalues.

These data suggest that LNA substitutions are well-
tolerated and can lead to large increasesTjn values.
However, to maximize the likelihood that potent inhibition
of gene expression will be maintained, LNA substitutions
should be kept to a minimum and should not infringe on the
central region of the RNA. It is not difficult to meet these
criteria since only modest numbers of LNA substitutions are
necessary to significantly increagg. Combining the thermal
stability contributed by LNA substitutions with the possible
pharmacokinetic advantages afforded by phosphorothioate

duplexes can be dramatically increased without affecting the linkages may provide a useful strategy for optimizing RNAi

function of the RISC complex. This is consistent with

evidence that RNAI functions by an ATP dependent mech-

anism @0, 41) in which the energy released by ATP
hydrolysis drives separation of the siRNA strands. By
contrast, LNA-RNA duplexes L3, L5, and L7 that contained
internal LNA substitutions were ineffective and did not block

efficacy in animals.

Inactive LNA-RNA Duplexes Do Not Inhibit RNADne
explanation for the inactivity of LNA-RNA duplexes L3, L5,
and L7 is that they might bind to the RISC complex but not
be processed. If this explanation were true, these complexes
might act as competitive inhibitors of RNAIi by blocking

hCav expression (Figure 7, lanes 3, 5, and 7). We also processing of active RNA duplexes. We find, however, that

measured levels of hCav RNA in cells treated with LNA-

introduction of increasing concentrations of duplexes L3, L5,

RNA duplexes and observed RNA levels that parallel levels or L7 into cells has no effect on inhibition of caveolin by

of hCav protein (Figure 5, results of treatment with L6
shown).
The reason for the different efficiencies of L6 relative to

the analogous native RNA duplex that lacks LNA nucleotides
(results for L7 are shown in Figure 10). L3, L5, and L7 may
be unable to bind to the RISC complex, or binding may be

L3, L5, and L7 is not obvious because they possess similarinsufficient to block binding of native RNA.

T values and have LNA substitutions at similar positions.

Classical Antisense Approaches and siRNHassical

However, we note that inactive LNA-RNAs L3 and L5 have antisense approaches to the inhibition of gene expression
two LNA nucleotides within the central seven base region have been developed that use chemically modified single-
of the antisense strand, while active LNA-RNA L6 has only stranded DNA or RNA and have been used with success for
one LNA base within this region. LNA-RNA L7 may be target validation and drug developmeht). Two features
inactive because it has four substitutions in each strand, twiceof siRNA differ from these classical approaches: (i) duplex

as many as active LNA 6.

To more closely investigate the effects of LNA substitution
of RNAI, we evaluated duplexes consisting of one native
RNA strand and one LNA-RNA strand. When the&)(or
the (=) strands of inactive LNA-RNA duplex L7 are paired
with native RNA strands, inhibition of gene expression is

RNA is used and (ii) the mechanism of inhibition involves
the RISC, which promotes recognition and cleavage of the
MRNA target. These are important differences. Nevertheless,
they should not conceal the fundamental similarities of the
two approaches, and Vickers and co-workers report that when
classical antisense is optimized it can be as effective as RNAI

observed (Figure 9; lanes 8 and 9, Figure 6) indicating that (42). Both RNAi and classical antisense strategies for

the placement of LNA nucleotides on the individual single

inhibition of gene expression require recognition of MRNA,
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both can employ synthetic nucleic acids, and both require 7.
well-controlled experiments to demonstrate specificity for a
specific target.

Chemical Modifications and Impeed siRNABY analogy 9.
with classical antisense, areas for improvement of siRNA
might include enhanced nuclease resistance, higher potency, 11.
higher specificity, greater thermal stability, more efficient
cellular uptake, better biodistribution, and better pharmaco-
kinetics. Perhaps the single most important modification of 13
traditional antisense oligonucleotides is phosphorothioate
linkages. While PS linkages are an efficient means to stabilize 14
DNA and have been reported to stabilize ribozym&3),(
they do not noticeably stabilize the RNA single strands used 15
in these studies (Figure 2), and we observe that duplex RNA
is already remarkably stable even in the absence of PS
linkages. 17

If PS substitutions are not needed to stabilize siRNA, is 18-
there a role for them in optimization of RNAi? PS substitu-
tions are known to improve the pharmacokinetics of tradi-
tional antisense oligonucleotides by increasing binding to
serum proteins. This association reduces clearance rates an
improves the in vivo half-life in circulation1®). For single-
stranded oligonucleotides, as few as 13 PS substitutions are 21.
needed to confer useful pharmacokinetic properti&s e
find that duplex RNAs containing between eight and 42 PS 5,
linkages retain the ability to inhibit gene expression (Figure
4A), so there is wide latitude for using PS linkages to
optimize pharmacokinetic parameters.

Another goal for use of chemical modifications in tradi-  24.
tional antisense strategies is to increase the thermal stability 2°:
of hybridization. Thermal stability might become limiting ¢
for RNA duplexes that are relatively AT-rich or if other
substitutions, such as PS linkages, are introduced that tend 27.
to reducel, values. Our results indicate that the introduction
of LNA nucleotides can substantially stabilize RNA duplexes 29’
without loss of the ability to inhibit gene expression.
Inhibition of gene expression by LNA-substituted oligomers ~ 30-
that have high 93 °C) T, values also provides valuable
mechanistic information, indicating that the RISC complex 31.
is able to dissociate RNA duplexes that possess exceptionally
high thermal stability.
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