3 1 MAY 2005 -1 RNA Interference Mediating Small RNA nol ecul es Description
The present invention relates to sequence and structural features of_ ‘
doubl e- st randed (ds)RNA nol ecul es required to medi ate target-specifi&! MAY 2005
nucl eic acid nodi fications such as RNA-interference and/ or DNA net hyl a-
tion. The term"RNA interference” (RNAi) was coined after the discovery that
injection of dsRNA into the nematode C.- él-egans | eads to specific silencing
of genes hi ghly honol ogous in sequence to the delivered dsRNA (Fire et al.,
1998). RNAI was subsequently al so observed in insects, frogs (Cel ge-

schl ager et gla,,..2000), a t her ani i ncluding mce (Svoboda et al.,
2000; Wannmﬁc}ng’?ﬁ'i)e&?z?ﬁ%gf%n smrrﬂéﬁé\ MOI§GYESy to also exist in

human. RNAI is closely linked to the post-transcriptional gene-silencing
(PTGS) nechani sm of co-suppression in plants and quelling in fungi (Cata-

| anotto et al., 2000; Cogoni and MacDescrig88; Dal may et al., 2000; Ketting

and Pl asterk, 2000; Murrain et al., 2000; Smardon et al., 2000) and sone
conponents of the RNAI nachinery are al so necessary for post-

transcripti [ I < r [ t n 00Q; Dern-
burg et al _?m%&g%gﬁ,gﬁ.ﬁ%ﬁp%%ﬁqsﬁgg eﬁ,sgeggsg)g.é %ﬁéel tggé%?tclﬁﬁgggg}ugégbgfen

revi ewed reaknttlg-stiBasied AX)BNBosbkecubasd réqinoem: seeMe2DOR; tdigee;spkeaa;

Pl asterk and Ketting, 2000; Sharp, 1999:. Sijen and Kooter, 2000), see al so
the entire indSRicacipmpedificaiiepsiskehmsoRNyintederenss andiondNAInetndan) . 1 n
plants, in gfdjtion to PTGS, introduced transgenes can also lead to
transcriptional” gene silencing via RNA-directed DNA net hyl ati on of cytosi-
nes (see references in Wassenegger, 2000). CGenomic targets as short as 30
bp are nethylated in plants in an RNA-directed nmanner (Pelissier, 2000).

DNA net hyl atlilgnteren aRNA priestarence” haNABI wasscaingafigrothe discovery that
injection of dsRNA into the nematode C. elegans leads to specific silencing

of genes highly homologous in sequence to the delivered dsRNA (Fire et
al., 1998). RNAi was subsequently also observed in insects, frogs (Oelge-
schlager et al., 2000), and other animals including mice (Svoboda et al.,
2000; Wianny and Zernicka-Goetz, 2000) and is likely to also exist in
human. RNAI is closely linked to the post-transcriptional gene-silencing
(PTGS) mechanism of co-suppression in plants and guelling in fungi (Cata-
lanotto et al., 2000; Cogoni and Macino, 1999; Dalmay et al., 2000;
Ketting and Plasterk, 2000; Mourrain et al., 2000; Smardon et al., 2000)
and some components of the RNAi machinery are also necessary for post-
transcriptional silencing by co-suppression (Catalanotto et al., 2000; Dern-
burg et al., 2000; Ketting and Plasterk, 2000). The topic has also been
reviewed recently (Bass, 2000; Bosher and Labouesse, 2000; Fire, 1999;
Plasterk and Ketting, 2000; Sharp, 1999; Sijen and Kooter, 2000}, see also
the entire issue of Plant Molecular Biology, vol. 43, issue 2/3, (2000).

In plants, in addition to PTGS, introduced transgenes can also lead to
transcriptional gene silencing via RNA-directed DNA methylation of cytosi-
nes (see references in Wassenegger, 2000). Genomic targets as short as
30 bp are methylated in plants in an RNA-directed manner (Pelissier,

2000). DNA methylation is also present in mammals.



2 The natural function of RNAI and co-suppression appears to be protection
of the genone agai nst invasion by nobile genetic elenents such as retro-
transposons and viruses which produce aberrant RNA or dsRNA in the g‘?SMAY 2005
cell when they becone active (Jensen et al, 1999; Ketting et al., 1999;
Ratcliff et al., 1999; Tabara et al., 1999). Specific nRNA degradation
prevents transposon and virus replicatiof "al though sone viruses are able to

overcome or _prevent this proc hy expressing proteins that suppress PTGS
(Lucy et at . Mespairakiraian 6t RRIATanshoey UPpEsgien PPBERFSIa he RIpERSHAN:

degr adati on @f ; RTRT I t i isg%mt' Lth the
dsRNA (Zam)rog tgtﬁcﬁﬁo?ﬁgo 8) . Tﬂggédéﬁw P{sdbﬂgréﬁ]eeggcg%@ﬁ)&gf- n%é ﬁ?\%)
fragment s ancdhrtdp®sbasgetd RN esl whlcdhger ogiutcesab earan trigll card sRNsAae elde Bds23 nt

apart. It has therefore been suggested that the 21-23 nt fragnents are the
gui de RNAs &t Whegeheveberfinei ahtivezhifsisen & alat199%0Beyting .. sh??®: RNAs
were al so d ed. Jd 0y ext il D QoS her i der 2
cell s whi chﬁv?g{rsfieﬁt?{aﬁls'f 2109%92% map%lﬁaogg%ﬂb& E)rélgg? tsglgglefrﬁn I ys?‘s dféﬁ%‘n@ et

al ., 2000), phevevertrandpo doreaid ongs rédiatatidinsptrayeth segeanasespeeiabieto

nucl ease activity also contained a large fraction of residual dsRNA. The
rol e of the QYEIE@ME: OF PAGYRMHL Eif PrGREs Ry eHRIe&SHIRRFatRINS Shptisuperess

support ed b){:ﬂt@é?gég%\(%t'j %d@a@/o%%‘e%%t% ’ id@n@mant s isolated from

processed ds I'e,"t'0 sdane extent, to di ate specific nmMRNA
degradation (Zanore et al., 2000). RNA nolecules of simlar size also
accunul ate in plant tissue that exhibits PTGS (Hanm|ton and Baul conbe,
1999) . Her e DsitNAdleiggres te abe¢idinedempdatiphidfhdmolpgous B Aseanly Twgbim et

al., 1 999;, Zanore et. al .. 0 rther r nj f RNA .
Ve ' denonst ra2o0iRg: SoifBrime P dnS Bs KV e e a2 B80T FRB U

over hangi ng Beessetfio 29 -2 BartgRmAefrR)enitoansietieert §e s BRIA cldaviigiisites
degradation. Short 30 bp dsRNAs are unable to nediate RNAI in this sys- tem

because t heygraregn@riyosragedo? bods se@pest. 21 haadhgrefare RRas . sumgested that
the 21-23 nt fragments are the guide RNAs for target recognition (Zamore

et al., 2000). These short RNAs were also detected in extracts prepared
from D. melanogaster Schneider 2 cells which were transfected with
dsRNA prior to cell lysis (Hammond et al., 2000), however, the fractions
that displayed sequence-specific nuclease activity also contained a large
fraction of residual dsRNA. The role of the 21-23 nt fragments in guiding
mRNA cleavage is further supported by the observation that 21-23 nt
fragments isolated from processed dsRNA are able, to some extent, to
mediate specific MRNA degradation (Zamore et al., 2000). RNA molecules
of similar size also accumulate in plant tissue that exhibits PTGS (Hamilton

and Baulcombe, 1999).

Here, we use the established Drosophila in vitro system (Tuschl et al.,
1999; Zamore et al., 2000) to further explore the mechanism of RNAi. We
demonstrate that short 21 and 22 nt RNAs, when base-paired with 3’
overhanging ends, act as the guide RNAs for sequence-specific mRNA
degradation. Short 30 bp dsBRNAs are unable to mediate RNAi in this sys-
tem because they are no longer processed to 21 and 22 nt RNAs. Fur-

thermore, we defined the target RNA cleavage sites relative to the 21 and



thernore, we defined the target RNA cl eavage sites relative to the 21 and 3
1 MAY 2005 -3 22 nt short interfering RNAs (si RNAs) and provi de evi_dence
that the direc- tion of dsRNA processing determ nes whether a sense Jdr MAN2005
antisense target RNA can be cleaved by the produced si RNP endonucl ease
conplex. Further, the siRNAs may al so be inportant tools for
transcriptional nodula- ting, e.g. silenarng of manmmal i an genes by gui di ng

DNA net hyl ation. Further experinents in human in vivo cell culture systens
(HeLa cel | s)22 Bhafiettiaterdenimy ENAY &idNA skradmpyioxids exideagerifahthediyen- of

preferably < n | de | Ivity., Thus, in ntrast to
the results t]cdf'r%r)(?fn1 ﬁépﬁﬂc&%&'n@oﬁﬁﬁéﬁ Bglghn?ﬁfeén% %’e&? I Eé)l-?satnr gﬂﬁgf‘i’%ﬁ\m
mol ecul es artergeafRMN Qi &M bé @ieRNA by The pady @sdd SiIRIET ki bgutleas@coseNEbx.

invention is to provide novel agents capable of nediating target-specific
RNA i nt er f effétitherothestidiAs arayetlssfecmpdartantigeleia tswistrisiirtal ozadwas such

Compared to ity of ShEAoARE el RElAT ol SO Fivh dREY et  aea by an

i sol at ed doubl e-stranded RNA nol ecule, wherein each RNA strand has a | ength
from 19-25, particu- larly from 19-23 nucl eotides, wherein said RNA nol ecul e
i s capabl e dlurthardexpémgents gethwperiini eivauetlbicy!!taee dsyaieintsi daekamels)

particularly RNA jnter-. ferenc r net hyl ati on. Pr.eferab | east
e strand 16w b8t SppbleERarfed N AamRlia Bt Pulld Aeadht of P8t Bl om 1. 3
nucl eoti des fand 1903 hpEIRbBHAShYEVE AN £AIViBlESThUH8n @bReTast ks R raRNtPe

bl unt -ended or has up to 6 nucleotides 3 overhang. Also, if both strands
of the dsRNArandroseabildpl124r—n2Z2N0t ldang deulpestidrided BNSbeltemispare RNA

i nterference when _ both ends are blunt (0 nt overhang). The RNA nolecule is
preferably &TSPREAREFNAHNA ol ecul e which is substantially free from
contam nants occurring in cell extracts, e.g. from Drosophila enbryos.
Further, the RNA nolecule is preferably substantially free from any

non-t ar get - Speciobjectconderlying the present invention is to provide novel agents

capable of mediating target-specific RNA interference or other target-speci-
fic nucleic acid modifications such as DNA methylation, said agents having

an improved efficacy and safety compared to prior art agents.

The solution of this problem is provided by an isolated double-stranded
RNA molecule, wherein each RNA strand has a length from 19-25, particu-
larly from 19-23 nucleotides, wherein said RNA molecule is capable of
mediating target-specific nucleic acid modifications, particularly RNA inter-
ference and/or DNA methylation. Preferably at least one strand has a 3'-
overhang from 1-5 nucleotides, more preferably from 1-3 nucleotides and
most preferably 2 nucleotides. The other strand may be blunt-ended or has
up to 6 nucleotides 3’ overhang. Also, if both strands of the dsRNA are
exactly 21 or 22 nt, it is possible to observe some RNA interference when
both ends are blunt (O nt overhang). The RNA molecule is preferably a
synthetic RNA molecule which is substantially free from contaminants
occurring in cell extracts, e.g. from Drosophila embryos. Further, the RNA
molecule is preferably substantially free from any non-target-specific conta-
minants, particularly non-target-specific RNA molecules e.g. from contami-

nants occuring in cell extracts.



m nants, particularly non-target-specific RNA nolecules e.g. fromcontam -
nants occuring in cell extracts. 3 1 MAY 2005 -4 Further, the invention
relates to the use of isolated doubl e-stranded RNA nol ecul es, V\hereiqu%%
RNA strand has a length from 19-25 nucl eotides, for nediating,
target-specific nucleic acid nodifications, particularly RNAi, in mamualian
cells, particularl y i n human cells. Surprisingly, it Was found that

synt hetic short do estr nded, RNA nol e- cul es rti

over hang! ng B eRaNE BVEBIRETEIERat T srohl mdried Gy BRngtrahde et o
efficient tangeic wherMALRchNEARItTarid8as heaNG@Lirofl 19-25 nu%%tﬁfks”ear
the center of the region spanned by the guiding short RNA Preferably, each
strand of thf@rRmduauhgcMrgeltrageanﬂoemngtlhldaa)mrQ@d12|2at|nusl potticdarly GINRIQ- 25
nucl eotides .in mam‘rallﬂlan %{) Y\/n rel t he Iepgth of each strand nmay be
the sanme or 'BiPEYEAKEN BF ?'e‘P Bioyarh ﬂﬁ’t”hC?J the 3'-overhang reaches
from 1-3 nucl eoti des, wherein the Iength of the over- hang may be the sane
or different for each strand. The RNA-strands preferably have 3'-hydroxyl
groups. The Sur—;irisrimglmui:t waeﬁemadblﬂyatwnpﬂhie&;iesshcat phoblshstrended ;ﬂN)@phaltee,

tri phosphate or hydr uﬁ% . u(g. ghe nos effecti ve dsRNAs {1 osed of
two 21 nt stGHRABAA "\é tcﬁ) YF'OGNIEILH -EPdT AE-SEAUSACEI RAAKE [Pegliziors:
over hangs ar% ﬁNg\%%’P{d Eflﬂ %%t%r ett%\lfélsﬁg‘é\/a%‘emﬁh% %tth'é'\lﬁegl/ age
reacti on gui ded by SI I'S uence- spec wever aII

positions ofsite & KNAtedNERT blud eeaqarad)ﬂ the cegiang;e»fannbddmgmlnélg@rumtyl émﬁt ches
in the center of the siRNA duplex are nost critical and essentially abolish
target RNA dfMAvage. In contrast, the 3' nucleotide of the siRNA strand
(e.g. position 21) that is conplementary to the single- stranded target RNA
does not contribute to specificity of the target reco- gnition. Further, the
sequence of pragenabpai eech Ztrind'of oter RAFY rablechi®: has a length from 20-22

nucleotides (or 20-25 nucleotides in mammalian cells), wherein the length
of each strand may be the same or different. Preferably, the length of the
3’-overhang reaches from 1-3 nucleotides, wherein the length of the over-
hang may be the same or different for each strand. The RNA-strands
preferably have 3’-hydroxy! groups. The 5’'-terminus preferably comprises
a phosphate, diphosphate, triphosphate or hydroxyl group. The most
effective dsRNAs are composed of two 21 nt strands which are paired
such that 1-3, particularly 2 nt 3’ overhangs are present on both ends of

the dsRNA.

The target RNA cleavage reaction guided by siRNAs is highly sequence-
specific. However, not all positions of a siRNA contribute equally to target
recognition. Mismatches in the center of the siRNA duplex are most critical
and essentially abolish target RNA cleavage. In contrast, the 3’ nucleotide
of the siRNA strand (e.g. position 21) that is complementary to the single-
stranded target RNA, does not contribute to specificity of the target reco-
gnition. Further, the sequence of the unpaired 2-nt 3’ overhang of the
siRNA strand with the same polarity as the target RNA is not critical for
target RNA cleavage as only the antisense siRNA strand guides target reco-

gnition. Thus, from the single-stranded overhanging nucleotides only the



Si RNA strand with the sane polarity as the target RNA is not critical for
target RNA cl eavage as only the antisense si RNA strand gui des target reco-
gnition. Thus, fromthe single-stranded overhangi ng nucl eoti des onl T 28091
MAY 2005 5 penultimate position of the antisense siRNA (e.g. position 20)
needs to match the targeted sense nRNA. _Surprisingly, the doubl e-stranded
RNA nol ecul es of the present invention “@xhibit a hi gh in vivo stability in
serumor in growh nmediumfor cell cul- tures. In order_to further enhance
the stabili tRenultenate RastiaRRfsthiagnbeenss shiNAel® agRiostoredy atradsote e. g.

t hey may be rﬁg{dﬂncﬂ?éjt ched Rahst ReMnaconsi st of purine nucl eoti des,
particul arly adenosi ne “or guanosSi ne nucl eoti- des. Alternatively,

substitution of pyrimdine nucleotides by nodified ana- | ogues, e.g.
substitution of uridine 2 nt 3' overhangs by 2'-deoxythym dine is tolerated
and does notSWPFisHgly hthefppblessitgnded ﬂ%hém@léfsﬂl@wl ®e prRsendbReaiEonf a 2"

hydr oxyl signj,fican C . nu r.esj C t qverhang in
ti ssue cul tﬁgryeh'ﬂr)r{é%l h'nq%{1 ﬁﬂog}%} gﬁ%@@?’a’ﬂl %rgﬁgﬁér’ﬁ%ggﬁnﬁo@?ﬁ@n f}(235? Cte‘xh\{le&h;}resent
invention therd\An oleeciol Rurthisr eodradenttad statasty, aRe Brogi éirechgausiagabé de
anal ogue. The nucleotide anal ogues may be | ocated at positions where the

t ar get - specistbblizesc ppginsy degrgdatipe. RNAI theydmatyi hg sededtedt suels that they
substantially effected eprﬂ.l L(p a reqion ?alt {ihe 5 -end and/or the 3.-end of
the doubl e- SV RiRIE RYUNE RBFIetiPeS RARIGUIRITARTOT R ObMPRIREY HHFeBY
stabilized Ryed. MaesPatidtiy)Gup¥pidifidedf pyeinsatideuaeatiagyes, nfddfied had-

nucl eoti de anal ogues are sel ected from sugar- or backbone-nodi- fied

ri bonucl eot ildgges. &.gs hobsttuie moft eddinedwel8r ovethangalbyoZ ndebasptiageidimedi f i ed
ri bonucl eoti.des, i,e, ribonucleoti.des,. containin -nat yral | ccurring
nucl eobase i'ﬁgPEéafeé# aRddesi QIO!?ff ec‘%uWi ﬁﬁ'%ﬂ?ﬁ?\gﬁﬂgﬂs'&?ﬁ}*&&a”%g@i‘ es or
cytidines mpgyskhed dta bheyard8aisidriNcadt@enhahde 20 NALBIARYE residtasidef
5-brono uridi ne; adenosi nes and guanosi nes nodified at the 8-

the overhang in tissue culture medium.

In an especially preferred embodiment of the present invention the RNA
molecule may contain at least one modified nucleotide analogue. The
nucleotide analogues may be located at positions where the target-specific
activity, e.g. the RNAiI mediating activity is not substantially effected, e.g.
in a region at the 5'-end and/or the 3'-end of the double-stranded RNA
molecule. Particularly, the overhangs may be stabilized by incorporating

modified nucleotide analogues.

Preferred nucleotide analogues are selected from sugar- or backbone-modi-
fied ribonucleotides. It should be noted, however, that also nucleobase-
modified ribonucleotides, i.e. ribonucleotides, containing a non-naturally
occurring nucleobase instead of a naturally occurring nucleobase such as
uridines or cytidines modified at the 5-position, e.g. 5-(2-amino)propyl
uridine, 5-bromo uridine; adenosines and guanosines modified at the 8-
position, e.g. 8-bromo guanosine; deaza nucleotides, e.g. 7-deaza-adeno-
sine; O- and N-alkylated nucleotides, e.g. N6-methyl adenosine are suit-

able. In preferred sugar-modified ribonucleotides the 2" OH-group is repla-



position, e.g. 8-bronp guanosine; deaza nucl eotides, e.g. 7-deaza-adeno-
sine; 0- and N-al kyl ated nucl eoti des, e.g. N6-nethyl adenosine are suit-
able. In preferred sugar-nodified ribonucleotides the 2 OH group i3s! MA&pIE
31 MAY 2005 6 ced by a group selected fromH OR R, halo, SH SR NH2,
NHR, NR2 or CN, wherein Ris Cl1-C6 al kyl, al kenyl or alkynyl and halo is F,
A, Sr or I. In preferred backbone- nodi i-ed ri bonucl eotides the
phosphoest er group connecting,t.o adjacent_rjbonucl eotides is replaced by a

modi fied gr &FY DVe §TO\ SEIRSEPHIINT AL € aridupalor Sheneli dbe Mfedifnat the
above modi HiencalBh ARY dece a)ingtten][16r SRIMENERANaibNE KIS G anded

RNA nol ecul e of the present' i fAven-'tion ve a suffidient entity to
a nucl ei ¢ adhdpitedeget batlemrenicified déroriuziemattiet ehé grgaiphorecd geoNAI
and/or DNA nethylation. Preferably, the sequence has an identity of at

| east 50% FAIESHNgr I8 agfacant|iirituciepdes it Feplaesd riut at mogblieddiregnl e i n

t he doubl e- st i I f I .
e doubl e LRI AGAR L dDBoRNn ARG ekt RRETALAR Yoo e
portion of tdeidisAmanlecubmbidde. i dentity of a doubl e-stranded RNA nol ecul e

to a predetermned nucleic acid target nolecule, e.g. an nRNA target
nol ecul e nay be determ ned as foll ows: ---- x 100 L whereinl is

nil =
the identity.in percent IS j ical cleotides. in the
doubl e-str aﬁrcibeds %Ll‘?'?%enb{)?h% ﬁgﬁ@ﬁe-%@%%ﬁ%%%@?egéfe 8ﬂ§”"1ipir%s%rhe'nv?8hgt h of
the sequenceifivebkap Wivd ResWwichira-igehanded dPautled aefd té’%et daduanth t he
target. Alternatively, the identi t}é of the doubl e-stranded RNA nol ecule to
£

the target wdqutmorediale tirget-ppeddrimiedi andloid?Ng mathy3dationePiriambly.,

par ti cul arl y, an overhang avididid deRoblsl 608 13 fhApbl dRSead iy S case
to the desired target molecule in the double-stranded portion of the RNA
molecule. More preferably, the identity is at least 85% and most preferably
100% in the double-stranded portion of the RNA molecule. The identity of
a double-stranded RNA molecule to a predetermined nucleic acid target

molecule, e.g. an mRNA target molecule may be determined as follows:

n
| = ---- x 100

L
wherein | is the identity in percent, n is the number of identical nucleotides
in the double-stranded portion of the ds RNA and the target and L is the

length of the sequence overlap of the double-stranded portion of the

dsRNA and the target.

Alternatively, the identity of the double-stranded RNA molecule to the
target sequence may also be defined including the 3’ overhang, particularly
an overhang having a length from 1-3 nucleotides. In this case the se-
guence identity is preferably at least 50%, more preferably at least 70%
and most preferably at least 85% to the target sequence. For example, the
nucleotides from the 3’ overhang and up to 2 nucleotides from the 5’
and/or 3’ terminus of the double strand may be modified without signifi-

cant loss of activity.



guence identity is preferably at |east 50% nore preferably at |east 70%
and nost preferably at |east 85%to the target sequence. For exanple, the
nucl eotides fromthe 3' overhang and up to 2 nucleotides fromthe 5" 3 T1aMi/2005
3" termnus of the double strand may be nodified without signifi- cant |oss
of activity. 3 1 MAY 2005 7 The doubl e-stranded RNA nol ecul e of the

i nvention may be prepared by a nethod C(?npri sing the steps: (a)

synt hesi zi ng{two RNA straHds each having a length from 19-25, e.g. from

19- 23 nucl eoth@8eublgreiranAed ilA mRalestiaAbthary epiipanneYdie PeRateAgPYaa

doubl e-stra gﬂ“ﬁ¥é§“ﬂﬂ§ﬁﬂ%§P83§@5§jn preferably at |east one strand has a

3' -overhang from b) conbi ning the synthesized RNA strands
under conditions, wherein a double-stranded RNA nol ecule is forned, which
is capable of nedia- ting target-specific nucleic acid nodifications,

parti cul ar | y@RNA SYHNEETEIGREE RIMY/SErRnoeandt 1) 188 ifdANONbiREYd Sof S, €9
synthestzing RNA 181 £q¢.58 AIAeNELD WhOR &l AR LhbRds SR8 EHabid by ©

particularly referred to chem cal synthesis nethods as SCr In Verm
and Eckstein (199%)rmid§e ddutgéatsindaadedARNAe cORy) vaths@ihprafeestsly ed 1dnst
enzymatic transcription fromsynthetic DNA tenplates or from DNA pl asm ds
i sol ated from recong Slﬁﬁarﬁ’&in'ﬂa%éo%/ew%ﬁha‘l’@pﬁf@m ﬂ;%)nﬁﬁlféélm pol ynerases are
used such as T7, T3 or SP6 RNA polynerase (MIligan and Unhl enbeck (1989)).
A further aspect of the present invention relates to a nethod of nediating

target-speci(bi)c negemeitingehd sypehddiged RASstrpads uadbAEbYdiNAS| RieskaT gnce

and/ or DNA nethylation in a cell or an organismconprising the steps: (a)

contacting the cefiouble-sragrdhiNi Meledide dolasmeds twhigbde cRRpbles fenedizde of

the invention under conditions..wherein tar.get- LELc.nugl ] Ci

modi fi cations mayﬁra%Cﬁa}rggﬁaBeélﬁ\éh%u%'lé?c 864 ?nc?cﬂﬁgé{l&ﬁ;s Lﬂ)%rﬁ!:ﬁlarl?? FﬁklA
interference and/or DNA methylation.

Methods of synthesizing RNA molecules are known in the art. In this
context, it is particularly referred to chemical synthesis methods as de-

scribed in Verma and Eckstein (1998).

The single-stranded RNAs can also be prepared by enzymatic transcription
from synthetic DNA templates or from DNA plasmids isolated from recom-
binant bacteria. Typically, phage RNA polymerases are used such as T7,
T3 or SP6 RNA polymerase (Milligan and Uhlenbeck (1989)).

A further aspect of the present invention relates to a method of mediating
target-specific nucleic acid modifications, particularly RNA interference

and/or DNA methylation in a cell or an organism comprising the steps:

{(a) contacting the cell or organism with the double-stranded RNA mole-
cule of the invention under conditions wherein target-specific nucleic

acid modifications may occur and

(b) mediating a target-specific nucleic acid modificiation effected by the

double-stranded RNA towards a target nucleic acid having a



(b) nmediating a target-specific nucleic acid nodificiation effected by the
doubl e- stranded RNA towards a target nucleic acid having a 31 MAY 2005 -8
sequence portion substantially corresponding to the doubl e-st rande(g; ﬁNA?UUS
Preferably the contacting step (a) conprises introducing the doubl e-stran-
ded RNA nolecule into a target cell, e.g. an isolated target cell, e.g. in
cell culture, a unicellular m croorgani@m or a target cell or a plurality
of target «cells within a multicellular organism Mre preferably, the

i ntroduci ng step SSBIRIIGERY QN SHOST MGG At P Ueling & {hie dogblengtranged omal
carriers or by igj@ction. The nethod of the invention may be used for
determ ning the function of a gene in a cell or an organismor even for
nodul ating the function of a gene in a cell or an organism being capable

of nedi ati ngPRNA interference, The cell is preferably a eukaryotic cell or
a cell |ine,Preferably phafentaqtingotern(a) Gamriiseseinitrodiigimg 5@‘950#%’%'51’?% cel |,
e.g. an enbr I I t..pste t |, e

t er at ocar ci n%%]ahgle ﬁldol?c@e%%é??; ec%egd%c':%]l ﬁtéqﬁ%dot%gg%ﬁ (gtfgr!’ies'gp]rrg?eel?abl y a
eukaryotic afganiesa uticglular phiardorganam anidredrget selt lor asp Rurattyn®d target
particularly a human. The target gene to which the RNA nolecul e of the

i nventi on i scedisraihiya nyaljicsBulas opgarisey Mptaprrefpeativl B Barodusing siem. For

& couffERflse LY cBfié ARLIAAENABRAAG, A 6] iIPNBosly Bubib dgpe: 2

t unor - associ a gene Or an autornmune d SOCi at ed gene. ar get
gene may al spjech®wna het erol ogous gene expressed in a reconbinant cell or a
genetically altered organism By determ nating or nodul ating, particularly,
inhibiting the function of such a gene valuable information and therapeutic

benefits i ”p’(ijé‘ﬂw&%ig%‘f’{) ﬁ‘u'vehki%lﬁ%gg %&é‘&‘f&?% 'rPrﬁnﬁ%;% %eéﬁm&g;%f

medicine fie may e obtal ned. The ds I's usually adm nistered as a

phar maceut i calgefenposidelladr. adtganism or even for modulating the function of a
gene in a cell or an organism, being capable of mediating RNA interference.
The cell is preferably a eukaryotic cell or a cell line, e.g. a plant cell or an
animal cell, such as a mammalian cell, e.g. an embryonic cell, a pluripotent
stem cell, a tumor cell, e.g. a teratocarcinoma cell or a virus-infected cell.

The organism is preferably a eukaryotic organism, e.g. a plant or an animal,

such as a mammal, particularly a human.

The target gene to which the RNA molecule of the invention is directed
may be associated with a pathological condition. For example, the gene
may be a pathogen-associated gene, e.g. a viral gene, a tumor-associated
gene or an autoimmune disease-associated gene. The target gene may also
be a heterologous gene expressed in a recombinant cell or a genetically
altered organism. By determinating or modulating, particularly, inhibiting
the function of such a gene valuable information and therapeutic benefits
in the agricultural field or in the medicine or veterinary medicine field may

be obtained.

The dsRNA is usually administered as a pharmaceutical composition. The
administration may be carried out by known methods, wherein a nucleic

acid is introduced into a desired target cell in vitro or in vivo. Commonly



adm ni stration may be carried out by known nethods, wherein a nucleic acid
is introduced into a desired target cell in vitro or in vivo. Conmmonly 3 1
MAY 2005 -9 used gene transfer techniques include cal ci um phosphate3 i MAY 2005
DEAE- dextran, electroporation and microinjection and viral nmethods (G aham
F.L. and van der Eb, A J. (1973) \/rol 52, 456; MCutchan, J.H and
Pagano, J.S. (1968), J. Natl. Cancer Ast | 41, 351; Chu, G et al (1987),

Nucl . Acid R 198 255,
Tba51. Canecu el penpitanaizbsshigles 'wudaf@}m( Pg%éﬂfea@dd?o%AE%qe@qm.s

arsenal of tgeBftopofsesn bRE rhikRoinfdtRMUAd OFFal%e%é (’@r%h%ﬂ l;sLi sngbgnuse of
cationic liposones (Feigner, P.L. et al. (1987), Proc. Natl. Acad. Sci USA

84, 7413). CdemEb- /bLJaI(I1>97éi)aVirabl@Z,CéﬁlﬁorMchltmahfdrhhubadlEHWr&r,eJéig Tf x
50 (Pronmega Li t am n20 nol agi es T the i vent| on
al sg rel atge)s”?%s% pﬁg{}‘?ﬁi e ”??olrzr’ﬂ ?’%?bﬁhéjorﬁ‘ga?h?ahy gngrafﬂuakt ¢€Sagent
at | east opeRﬁlgupg e1§‘iﬁapﬁﬁ9y RRA1DI ¢¢088) a5 BllgﬁQfHé?ﬁdZS@bQ‘O%ﬁnct &bhec-

pharmaceutical carrier conmposi tion may be used for diagnostic and for
t her apeuti ¢ cppM.¢at(il 689) | Geh@Part HBdiAciavendrdditicret@this anaeryalmgdiechne. For

dlagnostlc or therapeutic I|c s, .the co osition may be .in form of a
sol ution, e. @'t ﬁ]ee'{?fr&ﬁil @aﬁﬁ‘{‘b@% ingo Gedls i r&)‘? HE @i cationkt posaniepen-
sion or the IFe 'ﬁ%n T*F\BL Cé}'qqoﬁéfkﬂ”lﬂ?f@é’ Rgtlaﬂ%‘ae' §EFU 135! ?ﬁh?ud:&ﬂ%% -\ay,
e.g. by injecti topi¢al, nasal, rectal application etc he

carrier rraycxbtéyaawaxlsabld alalnenphapnhcfeuhutaailonsaarre erg. Phefted gBtymegakanri er
is used, which is capahle of incr eaﬁl ng the efficacy of the RNA nol ecul es

to enter thPpiegemicePPs. (Ldgi tetneleq&spl es of such carriers are
| i posomes, particu- larly cationic |iposonmes. A further preferred
adm nistration nmethod is injec- tion. A further preferred application of the
RNAI et hod Tisus, theriot érouienh aksoaleyetes to afpheukaicgaticel cahbssition earkiaimjiogi ¢
non- human or gani sns, pref era? m .
as an active agent at least one double-stranded RNA molecule as described
above and a pharmaceutical carrier. The composition may be used for
diagnostic and for therapeutic applications in human medicine or in veteri-

nary medicine.

For diagnostic or therapeutic applications, the composition may be in form
of a solution, e.g. an injectable solution, a cream, ointment, tablet, suspen-
sion or the like. The composition may be administered in any suitable way,
e.g. by injection, by oral, topical, nasal, rectal application etc. The carrier
may be any suitable pharmaceutical carrier. Preferably, a carrier is used,
which is capable of increasing the efficacy of the RNA molecules to enter
the target-cells. Suitable examples of such carriers are liposomes, particu-
larly cationic liposomes. A further preferred administration method is injec-

tion.

A further preferred application of the RNAI method is a functional analysis
of eukaryotic cells, or eukaryotic non-human organisms, preferably mam-
malian cells or organisms and most preferably human cells, e.g. cell lines
such as Hela or 293 or rodents, e.g. rats and mice. By transfection with

suitable double-stranded RNA molecules which are homologous to a prede-



malian cells or organisns and nost preferably human cells, e.g. cell lines
such as HeLa or 293 or rodents, e.g. rats and mce. By transfection ?;QM 2005
sui t abl e doubl e-stranded RNA nol ecul es whi ch are honol ogous to a prede I

MAY 2005 - 10 term ned target gene or DNA nol ecul es encoding a suitable
doubl e-stran- ded RNA nol ecul e a specific_knockout phenotype can be obtained
ina target cell, e.g. in cell culture B -in a target organi sm

Surprisingly it was found that the presence of short doubl e-stranded RNA
nol ecul es dd€&MiTR t3rgstigenerrraRNAmmieerish ancoghms e Tuitahle Koubdestreat| or
host organis f h ] t el nt.i LS :
eukaryotic cdé%q Rﬁ&jﬂogegwg«% ;aog ‘ls%&ﬁgnl?ﬁfn@h o%%ﬁtgh\geﬁﬁ\éﬁ %hgé]gb?drﬁg%t
gene- speci f itardérockipus.g. phertitypeirewminl sitagearoraanlseassupsiding it wigéi ci ent
expression of at |east one endogeneous target gene wherein said cell or
organi sm i s foragsthet tlael Pregansea? wyétd%lrbée-aaabgédﬁ%rm@lfcm deeeoate

capabl e of inhjhi.ting. n endo t ar get
gene or mﬁtﬁggb%NhégﬁgﬁgﬁgpﬁgP%§§ é%%?8hh§&ﬁh§%féeggﬁéﬁggégéaﬁgﬁﬁ1ecule
capable of inhibiting the expression of at |east one endogeneous target
gene. It should be noted that the present invention allows a

t ar get - speci Fhus kadekiber ssbjecveradier off therrygntigrddyénevlarvgdiveseligs 2o t he

specificity of RNA.. ne-speci fic knogckout enotypes of cells o

on hurmn orGAEREE noBareT NS PPy gt RO B L T el SETHRES nay
be used in andtype dIrRSESHEES atidhstiphriibry enieldnalprassibaroPierakypi cal
anal ysis of conplex physiological processes such as anal ysis of gene

expressi on prrof ehdsgemelwy tarpebueoaresheryr sekhagll er oogenigayispirepsiestethe

knock-out phenptypes of h nes, in ltured . cell ich are.a med to
be reguratgﬁgﬂgﬁ%HQE?%PHgfﬁggﬂggf?%%ﬁg %@%bgﬁg%gﬂgﬁﬁﬁﬁﬁm$higgh@ﬁHgi%ﬁ e
particul ar | yethessigBdressieatbt bRe erlicgineduBaat g&t §6nd amith £DUA ARELSF2,
SC35, SRp20, SRp40 or SRp55. Further, the effect of SR proteins on the mMRNA

profiles ofdipgeddeestboned calbtlestanided] FNApmotestlgerpabirioh inlibtmthmy be
anal y- expression of at least one endogeneous target gene. It should be noted
that the present invention allows a target-specific knockout of several

different endogeneous genes due to the specificity of RNAI.

Gene-specific knockout phenotypes of cells or non-human organisms,
particularly of human cells or non-human mammals may be used in analytic
procedures, e.g. in the functional and/or phenotypical analysis of complex
physiological processes such as analysis of gene expression profiles and/or
proteomes. For example, one may prepare the knock-out phenotypes of
human genes in cultured cells which are assumed to be regulators of
alternative splicing processes. Among these genes are particularly the
‘members of the SR splicing factor family, e.g. ASF/SF2, SC35, SRp20,
SRp40 or SRp55. Further, the effect of SR proteins on the mRNA profiles
of predetermined alternatively spliced genes such as CD44 may be analy-
sed. Preferably the analysis is carried out by high-throughput methods

using oligonucleotide based chips.

Using RNAIi based knockout technologies, the expression of an endoge-

neous target gene may be inhibited in a target cell or a target organism.



sed. Preferably the analysis is carried out by high-throughput nethods
usi ng ol i gonucl eoti de based chips. Using RNAI based knockout technolog&ﬁf 5
t he expression of an endoge- neous target gene nmay be inhibited in g@W
cell or a target organism 3 1 MAY 2005 - 11 The endogeneous gene may be
conpl ement ed by an exogeneous target n Q{eic acid coding for the target
protein or a variant or nutated form of he target protein, e.g. a gene or
a CDNA, ic@} ﬁ Bt onal be fused tola fu&ta r nucleic acid se uence
encodi ng a dét%e&Pd4B gnﬁgﬂfl DT30S COPNRIEMEte e%y AT 9THIYP F‘ég
particul arl yyrl&ml 4digl>dhd bt ke kaget ROLARTS Bvariakk e ut Medsipf bhe
target gene differ fromthe endogeneous target gene in that they encode a

gene productthﬂﬂlaémﬁ‘fdlpffoﬂérrs -8 o a6t endoge owshlcbe'ﬁéyplmmnﬂ”&/obﬁ fhgedam no
acid | evel ﬁ g %élt ut i (gsertlons and/.or | et ns of .. | e or

mul tiple am'Ad a¢idE" N "E/QH ﬁ?%“%’?c%ﬁi‘%?%‘&‘gf%rdﬁéec fﬁﬁ& Relie

bi ol ogi cal gfdpititie . &Sah%ﬁffnﬁﬁg({g@nEQHﬁnﬂé’tﬂy@%tmGﬁﬂﬂe a@n,t;/hsgovaﬂén{”saaﬂ the
variant or nutated target gene may al so have a biologi- cal activity, which
di ffers fromutaebifolmgidahedetgati ggneodiftendremdbgernemgenecasgargefegeie e. g. a

partially del e ed acti vi ty, a corrpl et el activit an enhanced
activity ot & o8 Bt snalie Saeon eyt WEE R diot s eRBe GoReMeS | he
pol ypep- gﬁn%n Rﬂﬁfbtbantthe aﬁ‘%%eaefaueve%lyewoﬁﬁuﬁone thseRtibHS i 44/BF ot ei n
com prisin he target protein and the affinity tag and the doubl e stranded

RNA  nol eculcielétnmnsknbsmmg coutultipte emdogenéatusT lgeneriants benteaget faehd . Thi s
coexpreSS| on ma %3 ed. bg usi.n\g a ﬁui tgbl e ex ﬁresm on vector
e o Tot R hen 1hE SAses PiladicaL atiev T bas the o BHERESHS e derea Ty
e.g. the tagygy %%} ﬁgn&afrgee@ar%qt&lrﬂumdtta By St et/ ra’algl@%@va%.@pagqcule
or alternativel y using a conbination of expre55| on vect ors. Proteins and
protein corrrmladaxaeslvm; chhiahaiffend fresn 2ke bielogomed achivitlyeot Hregehdogéheawd |
contai n the exogeneous gene pr.oduct g. .t he nodi fle Tugl on cE)rot.ei n. In
target gene, e.g a partially deleted activity, a complete eleted activity,

an enhanced activity etc.

The complementation may be accomplished by coexpressing the polypep-
tide encoded by the exogeneous nucleic acid, e.g. a fusion protein com-
prising the target protein and the affinity tag and the double stranded RNA
molecule for knocking out the endogeneous gene in the target cell. This
coexpression may be accomplished by using a suitable expression vector
expressing both the polypeptide encoded by the exogeneous nucleic acid,
e.g. the tag-modified target protein and the double stranded RNA molecule
or alternatively by using a combination of expression vectors. Proteins and
protein complexes which are synthesized de novo in the target cell will
contain the exogeneous gene product, e.g. the modified fusion protein. In
order to avoid suppression of the exogeneous gene product expression by
the RNAIi duplex molecule, the nucleotide sequence encoding the exoge-
neous nucleic acid may be altered on the DNA level (with or without cau-
sing mutations on the amino acid level) in the part of the sequence which
is homologous to the double stranded RNA molecule. Alternatively, the
endogeneous target gene may be complemented by corresponding nucleo-

tide sequences from other species, e.g. from mouse.



order to avoi d suppression of the exogeneous gene product expression by the
RNAI dupl ex nol ecul e, the nucl eoti de sequence encodi ng the exoge- neous
nucleic acid nay be altered on the DNA | evel (with or w thout cauzqsiBg ‘
mutations on the amno acid level) in the part of the sequence whiddhMAY; 205
honol ogous to the doubl e stranded RNA nuLgcule. Alternatively, the
endogeneous target gene may be conpl enénted by correspondi ng nucl eo- tide

sequences from.ot her specj.es, ,e.q. fromnouse. 3 1 MAY 2005 .- 12 Preferred
appl i cat | ons F07 TREPBUFATIERS 677gRim Sl oF LRI A RV PRUSRE BfPYaVsi s of
gene expressdionfREeAtid:@3esNoh proRieelRRIMESprdtBomtsE PERIARDEY IS ek ey

enbodi nent an anal ysis of a variant or nutant form of one or several target

proteins is eabpiedenuen an@yeisnokai davani antmotamufenm dfoone @r eeveral

introduced into the.cell . [ by. t t | ei id
as descri bed SBEVBIOIE LoRBIIRH Lot SHRRBLRANE V0r=ah S6rlbbEHe T Yeke and

rescue by U%ﬂﬁrc‘i’?ﬂ%@écﬁﬁwoQhSceﬁ%][rtog&i#\i)énﬂE{/%heé;ﬁofifé?i%ﬁg(?b'ﬁgéﬁﬁﬂﬁéic%d

advant ages conpared to the use o nockout cell”. Further, this nmethod is
parti cul arl yassdedalies dloove.dere ¢dpbirgptfamaet konak oudarfes men dd g ¢ meo usag gred
protein. In a further preferred enbodi nent. ﬂMC arison, e. ene

. of
expressi on pt f‘?séé’ea?\\ﬁPBV‘gp’F’b’F%Tﬁﬁe?%ﬂB?r&a et : T@W%‘c has of
at | east t“‘%o‘i/%'rhég@%g fﬁga?laé% th2 & bf %Wr%ﬁko%@e?@ G/ $HR RES ¢! ect ed

from (i) a contro control organismw thout target gene inhibition,
(ii) a cell isrpatiganrymswitibble dogeatiegefyeng nfuinioitioneh domdaitsi ©) thecedrhgeor

organismwi th target gene inhibition plus target gene com plenentation by
an exogeneol¥Ot&iPgdh #JEri&es %f@if%f.req'h‘gmﬁﬁ?%?I%aﬁdg‘éré‘lpla”éP”t Ke9i r?ge%?ri‘%n are

al so suitablg 'rgséoﬂrﬂgﬁ%%é@gﬁ{%%g Xhﬂ%rgﬂgélﬂng[ggna&ﬁ&rt hbALS o

phar macol ogi cal agent's, e.qg, new | ogi cal agents ¥rom a
col l ecti on cit ltesttvsaibslisincesgatisineris cahdgdcterituseg meolsms ans sefiecaad | on
and/ or side effects of known pharnma-

from:

(i) a control cell or control organism without target gene inhibition,

(i1) a cell or organism with target gene inhibition and

(iii) a cell or organism with target gene inhibition plus target gene com-

plementation by an exogeneous target nucleic acid.

The method and cell of the invention are also suitable in a procedure for
identifying and/or characterizing pharmacological agents, e.g. identifying
new pharmacological agents from a collection of test substances and/or
characterizing mechanisms of action and/or side effects of known pharma-

cological agents.

Thus, the present invention also relates to a system for identifying and/or
characterizing pharmacological agents acting on at least one target protein
comprising:

(a) a eukaryotic cell or a eukaryotic non-human organism capable of
expressing at least one endogeneous target gene coding for said
target protein,

(b) at least one double-stranded RNA molecule capable of inhibiting the

expression of said at least one endogeneous target gene, and



col ogi cal agents. Thus, the present invention also relates to a systemfor
identifying and/or characterizing pharmacol ogi cal agents acting on at |east
one target protein conprising: (a) a eukaryotic cell or a eukaryotid MAY 2005
non- human or gani sm capabl e of expressing at |east one endogeneous target
gene coding for said target protein, (b).at |east one doubl e-stranded RNA
nol ecul e capable of inhibiting the expression of said at |east one

endogeneous target gene, and 3 1 MAY 2005 - 13 (c) a test substance or a
col | ection dF?t es? tlpitbstence %@F&“ﬁ%ﬁ@%esw%@ﬁa@sﬁs MWop&in pbsrde- sai d

test substance Orcoﬁ@é%a?%kéﬁ&&ﬂe@%@é&dﬁg%??B%%ﬁ@%i & gé#dz%rkgf’égg'on are to .

characterized. Furth the system as above pr y conpri ses:
(d) at |east one Exoendmdsandiogethanactieeizedaci d codi ng for the target
protein or a variant or mutated formof the target protein wherein said
exogeneous target nucleic acid differs fromthe endogeneous target gene on

the nucleic i I i t eneous target
nucl ei ¢ aci ﬁﬁg@uggga%élk%ﬂe¥y$p%%%rﬂfenflég§t€§§rgfyér?r§]|g g%onaglégg'st randed RNA
nol ecul e t hgd) t heatelpeessicoax ofer dta £ ralggenuntsiosadidr gatingefoe . thleutdrbet nor e,

t he RNA knockout conpl enentation nmethod may be used for preparative,.

pur poses, e.g. fdMOL®IB @Ff BiArAPtRIr Mutetad et ghstierast srotsinmveherein
conpl exes frome y.Qt i rti ar Ly I | i r
particularly hum%r%q&ceﬁq{og.%nﬁﬁh%ﬁ% %n’tﬁ%(gfu”r?e{raléf&go Tthe f?%eﬁ}e% gﬁfjgpggg%&%ge-
neous target nuclw@rgetagért phahemraeleic coittrvicosueh thageie pxpiedisforbf ehe i s
fused to an affinity tag. The preparative nmethod nmay be enployed for the
purification of HPgHeneOLEdarest Meslgist age ds sHRSEOYHSyKess WWhibHearaf Hrabl y
have a mass of ”_double stranded RNA molecule than the expression of the endoge-

neous target gene.

Furthermore, the RNA knockout complementation method may be used for
preparative purposes, e.g. for the affinity purification of proteins or protein
complexes from eukaryotic cells, particularly mammalian cells and more
particularly human cells. In this embodiment of the invention, the exoge-
neous target nucleic acid preferably codes for a target protein which is

fused to an affinity tag.

The preparative method may be employed for the purification of high
molecular weight protein complexes which preferably have a mass of >
150 kD and more preferably of = 500 kD and which optionally may con-
tain nucleic acids such as RNA. Specific examples are the heterotrimeric
protein complex consisting of the 20 kD, 60 kD and 90 kD proteins of the
U4/UB snRNP particle, the splicing factor SF3b from the 17S U2 snRNP
consisting of 5 proteins having molecular weights of 14, 49, 120, 145 and
155 kD and the 25S U4/U6/U5 tri-snRNP particle containing the U4, U5
and U6 snRNA molecules and about 30 proteins, which has a molecular

weight of about 1.7 MD.



150 kD and nore preferably of >_ 500 kD and which optionally may con- tain
nucl ei ¢ acids such as RNA. Specific exanples are the heterotrineric protein
conpl ex consisting of the 20 kD, 60 kD and 90 kD proteins of the ﬁ“’k@’
SnRNP particle, the splicing factor SF3b fromthe 17S U2 snRNP consi iu%
of 5 proteins having nol ecul ar weights of 14, 49, 120, 145 and 155 kD and
the 25S U4/ U6/ US tri-snRNP particle cont &t ni ng the W, U5 and U6 snRNA

nol ecul es ang about 33 ,gr ot_eEngrLls, vvhg ch has a nol ecul ar wei ght of about 1.7
MD. 3 1 MAY Roigsmethad igpswitahle Heg fuectignehpretacsne fandy$isnal Marpmabiae

anal ysis in é@mairﬁeulaﬂg'ﬂ&naﬂaéélliscm arly human cells. Further, the present
invention is explained i1n nore detail in the following figures and

exanpl es. Figure Legends Figure 1: Doubl e-stranded RNA as short as 38 bp can
mediate RNAi. (A) Gaphic representation of dsRNAs used for tarzrgeti ng Pp-1luc
NRNA.  Thr ee"wéheesthgfPTISSERT IRMANEE Ny isRRMRIat @ Mpra dedathdn dhedollpwimgs bp

were prepargd. LE] of the first nucleotide of the sense strand of
the dsRNA i@glfrﬁgrag"acfggbwgﬁ)a ive to the start codon of Pp-luc nRNA (pl). (B)

RNA i nterference assay (Tuschl et al., 1999). Ratios of target Pp-luc to
control Rr-luc activity were normalized to a buffer control (black bar).
DsRNAs (5 nMNjigues begeefsicubated in Drosophila |lysate for 15 min at 25C
prior to the addition of 7-nethyl-guanosine-capped Pp-luc and Rr-luc nRNAs
(-50 pM. The incubation was continued for another hour and then anal yzed

by the dual Figaid ar asruRsSaandBHORRGa)s shber a2 B @ ahhedaterrRigaif rom at
| east four indeéendent experinents standard deviation. Figure 2: A 29 bp

dsRNA i s no (Adngearipe oeesesanteon10RdsiNAs sgaerfos targeting dGuluse miiNA1- 23

e Lo oy RSPl ARG Y TRFs LABELSL SRR U T
prepared. The position of the first nucleotide of the sense strand of the
dsRNA is indicated relative to the start codon of Pp-luc mRNA (p1). (B)
RNA interference assay (Tuschl et al., 1999). Ratios of target Pp-luc to
control Rr-luc activity were normalized to a buffer control (black bar).
DsRNAs (5 nM) were preincubated in Drosophila lysate for 15 min at 25°C
prior to the addition of 7-methyl-guanosine-capped Pp-iuc and Rr-luc
mRNAs (~50 pM). The incubation was continued for another hour and

then analyzed by the dual luciferase assay (Promega). The data are the

average from at least four independent experiments *+ standard deviation.

Figure 2: A 29 bp dsRNA is no longer processed to 21-23 nt fragments.

Time course of 21-23 mer formation from processing of internally 32P-
labeled dsRNAs (5 nM) in the Drosophila lysate. The length and source of
the dsRNA are indicated. An RNA size marker (M) has been loaded in the
left lane and the fragment sizes are indicated. Double bands at time zero

are due to incompletely denatured dsRNA.

Figure 3: Short dsRNAs cleave the mRNA target only once.
(A) Denaturing gel electrophoreses of the stable 5’ cleavage products
produced by 1 h incubation of 10 nM sense or antisense RNA 3?P-labeled

at the cap with 10 nM dsRNAs of the p133 series in Drosophila lysate.



the dsRNA are indicated. An RNA size marker (M has been loaded in the left
| ane and the fragnent sizes are indicated. Double bands at tinme zero are
due to inconpletely denatured dsRNA. Figure 3: Short dsRNAs cl eave t el MERNADS
target only once. (A) Denaturing gel electrophoreses of the stable 5

cl eavage products produced by 1 h incubation of 10 nM sense or antisense

RNA 32P-1 abeled at the cap with 10 nM d of the p133 series in
Drosophil a | ysat 1 MAY 2005 Lengt h mar kers ener at ed
partial nuclERGE ﬂaréﬁﬁfe‘é‘ﬁ”éﬁeaﬁbatﬁa it RrtiahpRglepse 91'198 §/§Psa”(dd’+3mé‘f t he

cap- | abel ed a1 0t hw%lyme Oﬂ‘—g' %’?Sthé ARl dIdY ttahgetdsﬁms e fdlbgated as

bl ack bars on both sides. nt spaci ng between the predom nant

cl eavage si ttegyeted ttmrheldQRNAbparbongncaMMbﬂa;:lshawnn Ploeh rsm‘esonmeaIZOar r ow

i ndi cates unspecific cleavage not due t Position_qf the cleavage
sites on ser?égnéﬁﬂa‘éiﬁﬂlb:‘?é?ﬁ‘ée&” Ehgr;y@pomnt Mévééﬁﬁétﬁéégrérfet Hd BB 177
nt sense an S %& r | SO, BN r,g,?%;gc 1 el
orientati onqj HﬁﬁA q%] Sh%l:)\;cdon\g gnergflgrgﬁésequen%re %%tgeopp Sl ﬁg" é:;'eﬂfbt(%eﬁgéﬁ The
regi on tar getuedtdRNAhe(Bli Pddtient ofdsiRNAteaaragel side< anedebye dinfd enepéhye

col ored bars p05|t|oned bet ween sense and antlsense target se uen es.
O eavage si ttai9edr BNAsmdl atssiusyces el die qaprgd difcné $9815es£PEngSe) Bhvage,

small circle faE, qlérgecirfﬁ@)@gﬁirggfes%ﬁg 4 gAbntiahel @%P@R% EUQHQHQT'S

mar ked by an ASCErT s ragnen are generated

by an RNase clolnhplbrﬂ@%\taﬂ;EﬁdEmmr&m aefproesing reaed ather ZﬁhmtegiblAStaajéteﬁ tols RNA
processi ng. The - mentsggener at ed bly dsRNA processing were
i Ye'

di recti onal Itpe(ﬂ'ﬁtﬁé‘%ﬂta‘ﬁ%ﬁ'\‘@éq@f@n@é’épat Aifbeientivestirsrd bers GIasaionay f rom
the sense stfand of steng gﬁ@“’%‘n%&?néé‘d’ﬂaﬁ;g&ec’sﬁepwlc‘ég T(E %ag%hgﬁﬁs are

originating Tromthe ARti Sense ars are used if

the sane sequ@ReedBS dirctseniarge Birowl forpiteore] eresagehentalindiesledor teak i ght

indicating the frequency. The i _
cleavage. The *P-radiolabeled phosphate group is marked by an asterisk.

Figure 4: 21 and 22 nt RNA fragments are generated by an RNase lll-like
mechanism.

(A) Sequences of ~21 nt RNAs after dsRNA processing. The ~21 nt RNA
fragments generated by dsRNA processing were directionally cloned and
sequenced. Oligoribonucleotides originating from the sense strand of the
dsRNA are indicated as blue lines, those originating from the antisense
strand as red lines. Thick bars are used if the same sequence was present
in multiple clones, the number at the right indicating the frequency. The
target RNA cleavage sites mediated by the dsRNA are indicated as orange
circles, large circle for strong cleavage, small circle for weak cleavage (see
Figure 3B). Circles on top of the sense strand indicated cleavage sites
within the sense target and circles at the bottom of the dsRNA indicate
cleavage site in the antisense target. Up to five additional nucleotides were
identified in ~21 nt fragments derived from the 3’ ends of the dsRNA.
These nucleotides are random combinations of predominantly C, G, or A
residues and were most likely added in an untemplated fashion during T7
transcription of the dsRNA-constituting strands. (B) Two-dimensional TLC

analysis of the nucleotide composition of ~21 nt RNAs. The ~21 nt RNAs
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111 bp dsRNAs (Figure 4A), except for the 22 nt antisense strand of dupl ex

5. The si RS e 5: Synthetic 21 and 22 nt RNAs Mediate Target RNA Cleavage.
(A) Graphic representation of control 52 bp dsRNA and synthetic 21 and
22 nt dsRNAs. The sense strand of 21 and 22 nt short interfering RNAs
(siRNAs) is shown blue, the antisense strand in red. The sequences of the
siRNAs were derived from the cloned fragments of 52 and 111 bp dsRNAs
(Figure 4A), except for the 22 nt antisense strand of duplex 5. The siRNAs
in duplex 6 and 7 were unigue to the 111 bp dsRNA processing reaction.
The two 3’ overhanging nucleotides indicated in green are present in the
seqguence of the synthetic antisense strand of duplexes 1 and 3. Both
strands of the control 52 bp dsRNA were prepared by in vitro transcription
and a fraction of transcripts may contain untemplated 3’ nucleotide
addition. The target RNA cleavage sites directed by the siRNA duplexes are
indicated as orange circles (see legend to Figure 4A) and were determined
as shown in Figure 5B. (B) Position of the cleavage sites on sense and
antisense target RNAs. The target RNA sequences are as described in
Figure 3B. Control 52 bp dsRNA (10 nM) or 21 and 22 nt RNA duplexes 1-
7 (100 nM) were incubated with target RNA for 2.5 h at 25°C in Droso-
phila lysate. The stable 5’ cleavage products were resolved on the gel. The

cleavage sites are indicated in Figure BA. The region targeted by the 52 bp



in duplex 6 and 7 were unique to the 111 bp dsRNA processing reaction. The
two 3' overhanging nucl eotides indicated in green are present in the
sequence of the synthetic antisense strand of duplexes 1 and 3. Bot3h MAY 2004
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stable 5’ cleavage products were resolved on the gel. The major cleavage
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6A. The region targeted by the 52 bp dsRNA is represented as black bar at
both sides of the gel.

Figure 7: Proposed Model for RNAI.

RNAIi is predicted to begin with processing of dsRNA (sense strand in
black, antisense strand in red) to predominantly 21 and 22 nt short inter-
fering RNAs (siRNAs). Short overhanging 3’ nucleotides, if present on the
dsRNA, may be beneficial for processing of short dsRNAs. The dsRNA-
processing proteins, which remain to be characterized, are represented as
green and blue ovals, and assembled on the dsRNA in asymmetric fashion.
In our model, this is illustrated by binding of a hypothetical blue protein or
protein domain with the siRNA strand in 3’ to 5’ direction while the hypo-
thetical green protein or protein domain is always bound to the opposing
siRNA strand. These proteins or a subset remain associated with the siRNA
duplex and preserve its orientation as determined by the direction of the
dsRNA processing reaction. Only the siRNA sequence associated with the

blue protein is able to guide target RNA cleavage. The endonuclease com-
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target RNA i the Ieaved in.th cenf e t he region recogni zed by the
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is 95% identical to GL2, but RL is completely unrelated to both. Luciferase
expression from pGL2 is approx. 10-fold lower than from pGL3 in trans-
fected mammalian cells. The region targeted by the siRNA duplexes is
indicated as black bar below the coding region of the luciferase genes. (b)
The sense (top) and antisense (bottom) sequences of the siRNA duplexes
targeting GL2, GL3 and RL luciferase are shown. The GL2 and GL3 siRNA
duplexes differ by only 3 single nucleotide substitutions (boxed in gray). As
unspecific control, a duplex with the inverted GL2 sequence, invGL2, was

synthesized. The 2 nt 3’ overhang of 2’-deoxythymidine is indicated as TT;

uGL2 is similar to GL2 siRNA but contains ribo-uridine 3’ overhangs.

Figure 9: RNA interference by siRNA duplexes.

Ratios of target control luciferase were normalized to a buffer control (bu,
black bars); gray bars indicate ratios of Photinus pyralis (Pp-luc) GL2 or
GL3 luciferase to Renilla reniformis (Rr-luc) RL luciferase (left axis}, white
bars indicate RL to GL2 or GL3 ratios (right axis). Panels a, ¢, e, g and i
describe experiments performed with the combination of pGL2-Control and
pRL-TK reporter plasmids, panels b, d, f, h and j with pGL3-Control and
pRL-TK reporter plasmids. The cell line used for the interference experiment

is indicated at the top of each plot. The ratios of Pp-luc/Rr-luc for the
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(f) Ratios of normalized target to control luciferase. The ratios of luciferase

activity for siRNA duplexes were normalized to a buffer control (bu, black

bars); the luminescence ratios for 50 or 500 bp dsRNAs were normalized

to the respective ratios observed for 50 and 500 bp dsRNA from humani-

zed GFP (hG, black bars). It should be noted that the overall differences in

sequences between the 49 and 484 bp dsRNAs targeting GL2 and GL3 are

not sufficient to confer specificity between GL2 and GL3 targets (43 nt

uninterrupted identity in 49 bp segment, 239 nt longest uninterrupted

identity in 484 bp segment).

Figure 11: Variation of the 3’ overhang of duplexes of 21-nt siRNAs.

(A) Outline of the experimental strategy. The capped and polyadenylated
sense target mRNA is depicted and the relative positions of sense and
antisense siRNAs are shown. Eight series of duplexes, according to the
eight different antisense strands were prepared. The siRNA sequences and
the number of overhanging nucleotides were changed in 1-nt steps. (B)
Normalized relative luminescence of target luciferase (Photinus pyralis, Pp-
luc) to control luciferase (Renilla reniformis, Rr-luc) in D. melanogaster

embryo lysate in the presence of 5 nM blunt-ended dsRNAs. The lumi-



units. (c), (d) Rr-luc expression, plotted in arbitrary |um nescence units.
(e), (f) Ratios of normalized target to control l|uciferase. The ratios of
l uci ferase activity for si RNA dupl exes were nornalized to a buffer_caqntrol
(bu, black bars); the luminescence ratios for 50 or 500 bp dsRNAs 5@3‘@ 2005
normalized to the respective ratios observed for 50 and 500 bp dsRNA from
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each series. The sequences of the siRNA duplexes and the corresponding

interference ratios are indicated.

Figure 13: Variation of the length of siRNA duplexes with preserved 2-nt 3’
overhangs.

(A) Graphic representation of the experiment. The 21-nt siRNA duplex is
identical in sequence to the one shown in Figure 11H or 12C. The siRNA
duplexes were extended to the 3’ side of the sense siRNA (B) or the 5’
side of the sense siRNA (C). The siRNA duplex sequences and the respec-

tive interference ratios are indicated.

Figure 14: Substitution of the 2’-hydroxyl groups of the siRNA ribose
residues.

The 2’'-hydroxyl groups (OH) in the strands of siRNA duplexes were repla-
ced by 2'-deoxy (d) or 2’-O-methyl (Me). 2-nt and 4-nt 2'-deoxy substitu-



ments, error bars represent standard deviations. Figure 12: Variation of the
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cleavage products were resolved on sequencing gels. Length markers were
generated by partial RNase T1 digestion (T 1) and partial alkaline hydrolysis
(OH-) of the target RNAs. The bold lines to the left of the images indicate
the region covered by the siRNA strands 1 and 5 of the same orientation

as the target.

Figure 16: The 5’ end of a guide siRNA defines the position of target RNA
cleavage.

(A, B) Graphic representation of the experimental strategy. The antisense
siRNA was the same in all siRNA duplexes, but the sense strand was
varied between 18 to 25 nt by changing the 3’ end (A) or 18 to 23 nt by
changing the 5" end (B). The position of sense and antisense target RNA
cleavage is indicated by triangles on top and below the siRNA duplexes,
respectively. (C, D) Analysis of target RNA cleavage using cap-labelled
sense (top panel) or antisense (bottom panel) target RNAs. Only the cap-
labelled 5’ cleavage products are shown. The sequences of the siRNA
duplexes are indicated, and the length of the sense siRNA strands is mar-
ked on top of the panel. The control lane marked with a dash in panel (C)
shows target RNA incubated in absence of siRNAs. Markers were as
described in Figure 15. The arrows in (D), bottom panel, indicate the target

RNA cleavage sites that differ by 1 nt.
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midine 2-nt overhangs. The silencing efficiency of the thymidine-modified
reference duplex was comparable to the wild-type sequence (Figure 17).

Normalized interference ratios were determined as described in Figure 11.

Figure 19: Variation of the length of siRNA duplexes with preserved 2-nt 3’
overhangs.

The siRNA duplexes were extended to the 3’ side of the sense siRNA (A)
of the 5’ side of the sense siRNA (B). The siRNA duplex sequences and the
respective interference ratios are indicated. For HeLa SS6 cells, siRNA
duplexes {0.84 ug) targeting GL2 luciferase were transfected together with
pGL2-Control and pRL-TK plasmids. For comparison, the in vitro RNAI

activities of siRNA duplexes tested in D. melanogaster lysate are indicated.

Example 1

RNA Interference Mediated by Small Synthetic RNAs
1.1. Experimental Procedures

1.1.1 In Vitro RNAI
In vitro BRNAi and lysate preparations were performed as described

previously (Tuschl et al., 1999; Zamore et al., 2000). It is critical to use
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pre-incubation period of 15 mn at 25C prior to the

f in vitro transcribed, capped and pol yadenyl ated Pp- |uc and

ﬁé m he. i ncubation was continued for 1 h and the
YPHES¥nd Rr-1uc protein was anal yzed using the

templates carrying T7 or SP6 promoter sequences, see for example (Tuschl
et al., 1998). Synthetic RNA was prepared using Expedite RNA phosphor-
amidites (Proligo). The 3’ adapter oligonucleotide was synthesized using
dimethoxytrityl-1,4-benzenedimethanol-succinyl-aminopropyl-CPG. The
oligoribonucleotides were deprotected in 3 ml of 32% ammonia/ethanol
(3/1) for 4 h at 55°C (Expedite RNA) or 16 h at 55°C (3’ and 5’ adapter
DNA/RNA chimeric oligonucleotides) and then desilylated and gel-purified
as described previously (Tuschl et al., 1993). RNA transcripts for dsRNA
preparation including long 3’ overhangs were generated from PCR tem-
plates that contained a T7 promoter in sense and an SP6 promoter in
antisense direction. The transcription template for sense and antisense
target RNA was PCR-amplified with
GCGTAATACGACTCACTATAGAACAATTGCTTTTACAG (underlined, T7

promoter) a s 57 primer-r and
ATTTAGGTGACACTATAGGCATAAAGAATTGAAGA (underlined, SP6

promoter) as 3’ primer and the linearized Pp-luc plasmid (pGEM-luc

sequence) (Tuschl et al., 1999) as template; the T7-transcribed sense RNA
was 177 nt long with the Pp-luc sequence between pos. 113-273 relative
to the start codon and followed by 17 nt of the complement of the SP6

promoter sequence at the 3’ end. Transcripts for blunt-ended dsRNA

dual



1.1.2 RNA Synthesis Standard procedures were used for in vitro transcription
of RNA from PCR tenplates carrying T7 or SP6 pronoter sequences, see for
exanpl e (Tuschl et al., 1998). Synthetic RNA was prepared using Expedite
RNA phosphor- anidites (Proligo). The 3' adapter oligonucleotide was ! MAY 2005
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phoreses in 1 x TAE-buffer. The 52 bp dsRNAs with the 17 ntand 20 nt 3’

overhangs (Figure 6) were annealed by incubating for 1 min at 95 °C, then

rapidly cooled to 70°C and followed by slow cooling to room temperature

over a 3 h period (50 yl annealing reaction, 1 4M strand concentration,

300 mM NaCl, 10 mM Tris-HCI, pH 7.5). The dsRNAs were then phenol/

chloroform extracted, ethanol-precipitated and dissolved in lysis buffer,

Transcription of internally *?P-radiolabeled RNA used for dsRNA preparation
(Figures 2 and 4) was performed using 1 mM ATP, CTP, GTP, 0.1 or 0.2
mM UTP, and 0.2-0.3 uM -*?P-UTP (3000 Ci/mmol), or the respective ratio
for radiolabeled nucleoside triphosphates other than UTP. Labeling of the
cap of the target RNAs was performed as described previously. The target

RNAs were gel-purified after cap-labeling.

1.1.3 Cleavage Site Mapping

Standard RNAIi reactions were performed by pre-incubating 10 nM dsRNA
for 15 min followed by addition of 10 nM cap-labeled target RNA. The
reaction was stopped after a further 2 h (Figure 2A) or 2.5 h incubation
(Figure 5B and 6B) by proteinase K treatment (Tuschl et al., 1999). The

samples were then analyzed on 8 or 10% sequencing gels. The 21 and 22
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reaction, 1 Tfhd REWoaas recovered by ethanol precrprtatfon and dephosphorylated (30
ul reaction, 30 min, 50°C, 10 U alkaline phosphatase, Roche). The reaction
was stopped by phenol/chloroform extraction and the RNA was ethanol-
precipitated. The 3’ adapter oligonucleotide (pUUUaaccgcatccttctex: upper-
case, RNA; lowercase, DNA; p, phosphate; x, 4-hydroxymethylbenzyl) was
then ligated to the dephosphorylated ~21 nt RNA (20 ul reaction, 30 min,
37°C, 5 uM 3’ adapter, 50 mM Tris-HCI, pH 7.6, 10 mM MgCl,, 0.2 mM
ATP, 0.1 mg/ml acetylated BSA, 15% DMSO, 25 U T4 RNA ligase, Amers-
ham-Pharmacia) (Pan and Uhlenbeck, 1992). The ligation reaction was
stopped by the addition of an equal volume of 8 M urea/50 mM EDTA
stopmix and directly loaded on a 15% gel. Ligation yields were greater
50%. The ligation product was recovered from the gel and 5’-phosphory-
lated (20 wl reaction, 30 min, 37°C, 2 mM ATP, 5 U T4 polynucleotide
kinase, NEB). The phosphorylation reaction was stopped by phenol/chloro-
form extraction and RNA was recovered by ethanol-precipitation. Next, the
5’ adapter (tactaatacgactcactAAA: uppercase, RNA; lowercase, DNA) was
ligated to the phosphorylated ligation product as described above. The new
ligation product was gel-purified and eluted from the gel slice in the
presence of reverse transcription primer
(GACTAGCTGGAATTCAAGGATGCGGTTAAA: bold, Eco RI site) used as

carrier. Reverse transcription (15 yl reaction, 30 min, 42°C, 150 U Super-



tion, 50 nMdsP111, or 100 nM dsP52 or dsP39). The reaction m xture was
subsequently treated with proteinase K (Tuschl et al., 1999) and the

dsRNA- processi ng products were separated on a denaturing 15% pol Y= 31 MAY 200
acrylam de gel. A band, including a size range of at least 18 to 24 nQ, wés
excised, eluted into 0.3 M NaC overnight at 4C and in siliconized tubes.
The RNA was recovered by ethanol -preci m?ﬁt‘i on and dephosphorylated (30 N
reaction, 30 mn, 50C, 10 U al kal i ne phosphat ase,, Roche). The reaction was
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using as 5 prinmer CAGCCAACGGAATTCATACGACTCACTAAA (bol d, Eco
sequencing primers. PCR products were directly submitted for custom
sequencing (Sequence Laboratories Géttingen GmbH, Germany)}. On aver-

age, four to five 2Tmer sequences were obtained per clone.

1.1.5 2D-TLC Analysis

Nuclease P1 digestion of radiolabeled, gel-purified siRNAs and 2D-TLC was
carried out as described (Zamore et al., 2000). Nuclease T2 digestion was
performed in 10 ul reactions for 3 h at 50°C in 10 mM ammonium acetate
(pH 4.5) using 2 pg/ul carrier tRNA and 30 U ribonuclease T2 (Life Techno-
logies). The migration of non-radioactive standards was determined by UV
shadowing. The identity of nucleoside-3’,5'-disphosphates was confirmed
by co-migration of the T2 digestion products with standards prepared by
5'-32P-phosphorylation of commercial nucleoside 3’-monophosphates using

y-32P-ATP and T4 polynucleotide kinase (data not shown).
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of the degrading efficiency are not understood. We therefore examined the pre-
cise length requirement of dsRNA for target RNA degradation under opti-
mized conditions in the Drosophila lysate (Zamore et al., 2000). Several
series of dsRNAs were synthesized and directed against firefly luciferase
(Pp-luc) reporter RNA. The specific suppression of target RNA expression
was monitored by the dual luciferase assay (Tuschl et al., 1999) (Figures
1A and 1B). We detected specific inhibition of target RNA expression for
dsRNAs as short as 38 bp, but dsRNAs of 29 to 36 bp were not effective
in this process. The effect was independent of the target position and the
degree of inhibition of Pp-luc mRNA expression correlated with the length

of the dsRNA, i.e. long dsRNAs were more effective than short dsRNAs.

It has been suggested that the 21-23 nt RNA fragments generated by
processing of dsRNAs are the mediators of RNA interference and co-
suppression (Hamilton and Baulcombe, 1999; Hammond et al., 2000;
Zamore et al., 2000). We therefore analyzed the rate of 21-23 nt fragment
formation for a subset of dsRNAs ranging in size between 501 to 29 bp.
Formation of 21-23 nt fragments in Drosophila lysate (Figure 2) was readily
detectable for 39 to 501 bp long dsRNAs but was significantly delayed for
the 29 bp dsRNA. This observation is consistent with a role of 21-23 nt

fragments in guiding mRNA cleavage and provides an explanation for the



mechani sm of RNAI (Tuschl et al., 1999; Zanore et at., 2000). In vitro and
in vivo analysis of the length requirenents of dsRNA for RNAI has reveal ed
that short dsRNA (< 150 bp) are less effective than | onger dsRNAs i AY. 2005
degrading target nmRNA (Caplen et at., 2000; Hammond et al., 2000; VilaoM e2(0
al ., 1998); Tuschl et al., 1999). The reasons for reduction in nRNA
degrading efficiency are not understoo®8Wwe therefore exanined the pre- cise
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reflect a bio ogl ca evant c ntro anismto revent t e undesired
activati on divideNAby tgn SWr mdppiedathed eanglearcldmsaye sites on a sense and an
antisense target RNA which was 5’ radiolabeled at the cap (Zamore et al.,
2000) (Figures 3A and 3B). Stable 5’ cleavage products were separated on
a sequencing gel and the position of cleavage was determined by
comparison with a partial RNase T1 and an alkaline hydrolysis ladder from

the target RNA.

Consistent with the previous observation (Zamore et al., 2000), all target
RNA cleavage sites were located within the region of identity to the
dsRNA. The sense or the antisense traget was only cleaved once by 39 bp
dsRNA. Each cleavage site was located 10 nt from the 5’ end of the region
covered by the dsRNA (Figure 3B). The 52 bp dsRNA, which shares the
same 5’ end with the 39 bp dsRNA, produces the same cleavage site on
the sense target, located 10 nt from the 5’ end of the region of identity
with the dsRNA, in addition to two weaker cleavage sites 23 and 24 nt
downstream of the first site. The antisense target was only cleaved once,
again 10 nt from the 5’ end of the region covered by its respective dsRNA.
Mapping of the cleavage sites for the 38 to 49 bp dsRNAs shown in Figure
1 showed that the first and predominant cleavage site was always located

7 to 10 nt downstream of the region covered by the dsRNA (data not



paired structures of regular cellular RNAs. 1.2.2 39 bp dsRNA Medi at es
Target RNA Cl eavage at a Single Site Addition of dsRNA and 5'-capped target
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ends but also internally, or there are some specificity determinants for
dsRNA processing which we do not yet understand. Some irregularities to
the 21-23 nt spacing were also previously noted (Zamore et al., 2000). To
better understand the molecular basis of dsRNA processing and target RNA
recognition, we decided to analyze the sequences of the 21-23 nt frag-

ments generated by processing of 39, 52, and 111 bp dsRNAs in the
Drosophila lysate.

1.2.3 dsRNA is Processed to 21 and 22 nt RNAs by an RNase |lli-Like
Mechanism

In order to characterize the 21-23 nt RNA fragments we examined the 5’
and 3’ termini of the RNA fragments. Periodate oxidation of gel-purified 21-
23 nt RNAs followed by 3-elimination indicated the presence of a terminal
2" and 3’ hydroxyl groups. The 21-23 mers were also responsive to alka-
line phosphatase treatment indicating the presence of a 5’ terminal phos-
phate group. The presence of 5’ phosphate and 3’ hydroxyl termini
suggests that the dsRNA could be processed by an enzymatic activity
similar to E. coli RNase Il (for reviews, see (Dunn, 1982; Nicholson, 1999;

Robertson, 1990:; Robertson, 1982)).



by the end of the dsRNA and could inply that processing to 21-23 ners

starts fromthe ends of the duplex. C eavage sites on sense and anti serﬁeY
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antici pated and nost of them appear in clusters separated by 20 to 23 nt
(Figures 3A and 3B). As for the shorter dsRNAs, the first cleavage site on
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dsRNA, and the first cleavage site on the antisense target is |ocated 9 nt
fromthe 5 BhHacEpnakegosine ol &led3pyt RNA fragmats vas petfpemedrbyiaetieauses
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may not only get  procésse fom so rnternally, e are

some speci fi RNYligkadee MAegNaitior! Bfod d3RNerereoessi then s¥ibdl, We Rlanfisiffiedet
understand. Some irregularities to the 21-23 nt spaci ng were al so
previ ousl y noerehtammated, ecloaed, agbmequeocedet@eer d@dersdroandRNAe mrecul ar

basi s of dsRNA i t RNA it i d |
The sequencectieting ons s34 HBtenihe s epERaNa Lt 3 doasthg 19rbB0- b5
and 111 bp dg&Wasi(Ridure 4A?r|f.fa'$enbhbétnhy$@|t&mnﬂgI%néﬂﬁiﬁ%mbhﬁoﬁr 90g3gegk, to 21

and 22 nt RNAs by an se | -Li ke MechanismlIn order to characterize the
21-23 nt RNAS P A@nemtls2 e2@xenideld 2het528% 2@ 8t, 6 %r ABrit, ehdt A% RMt.

fragments. Periodate oxidatio ,gel -purifjed 21- 23 nt RNAs, fol | oned by
B ol i nat | oR R F e Re I PECE 1EEN bR RublsERicRaR 3 TaRACSY 1B
groups. The 2l;23-H8h 5 SFIShRISOdESRARA BEglsh Aikawdrenfh RNASHBERRA.
treatnent indicating the presence of a 5 term nal phos- phate group. The

presence of bhispghies plat moandkaly ihyrddoxgt tyef4iRNA ligaggeshishtdisdritnimeatds RNA

coul d be processed_by an enzymatjc activit simlar to E. .coli RNase |11
(for revi ens?93/B8t PDRARSPNGRAtaY BHBTSYAE Spgdenor Pe@%%w%ﬂt,'gig@e;s'%' ler t son,

1982)). 31 Mnt ge%Qnr%nc'e?’rgas was seen at the 3’ end. Many of the ~21 nt fragments
derived from the 3’ ends of the sense or antisense strand of the duplexes
include 3’ nucleotides that are derived from untemplated addition of nu-
cleotides during RNA synthesis using T7 RNA polymerase. Interestingly, a
significant number of endogenous Drosophila ~21 nt RNAs were also
cloned, some of them from LTR and non-LTR retrotransposons (data not
shown). This is consistent with a possible role for RNAi in transposon

silencing.

The ~21 nt RNAs appear in clustered groups (Figure 4A) which cover the
entire dsRNA sequences. Apparently, the processing reaction cuts the
dsRNA by leaving staggered 3’ ends, another characteristic of RNase Ill
cleavage. For the 39 bp dsRNA, two clusters of ~21 nt RNAs were found
from each dsRNA-constituting strand including overhanging 3’ ends, yet
only one cleavage site was detected on the sense and antisense target
(Figures 3A and 3B). If the ~21 nt fragments were present as single-
stranded guide RNAs in a complex that mediates mRNA degradation, it
could be assumed that at least two target cleavage sites exist, but this
was not the case. This suggests that the ~21 nt RNAs may be present in
double-stranded form in the endonuclease complex but that only one of the

strands can be used for target RNA recognition and cleavage. The use of



Directional cloning of 21-23 nt RNA fragnents was perfornmed by ligation of
a 3 and 5 adapter oligonucleotide to the purified 21-23 ners using T4 RNA
| i gase. The ligation products were reverse transcri bed, PCR-anplifiZdMAY 2005
concat anmeri zed, cloned, and sequenced. Over 220 short RNAs were sequenced
from dsRNA processing reactions of the 39, 52 and 111 bp dsRNAs (Figure
4A). W found the followi ng length distr¥3bation: 1 %18 nt, 5% 19 nt, 12%
20 nt, 45% 21 nt, 28% 22 nt, 6% 23 nt, and 2% 24 nt. Sequence anal ysis of
the 5 termnm®ay enePédhede 20f Nt RErapesdes se@ef ragmeaties Mandineply clee digher-

ol i gonucl eot i des. w e S| e | rent e Thi s _bias was
st 11 kel y Tt Rkcle B n T PR S A 2R BB R BT abbRE
phosphoryl at gst geaisieknahas SHuMAtiohi igodeleh&ptdydehe Ndirgd bt fih -wea tegquence
bi as was seen at the 3' end. Many of the - 21 nt fragnents derived fromthe
3' ends of térgisehdeRNA wasi g@esssedr and of the dupl exes include 3'

nucl eotides that are derived fromuntenpl ated addition of nu- cleotides
during RNA synthesis using T7 RNA pol ynerase. Interestingly, a significant

nunber of enregenoysdr aaerits!far R4 51 bBNASd Warebpl SSRNAI SredssSBR def t hem
fromLTR and non-LTR retrotransposons (data not shown). This is consistent

with a possifimed mdhen commNad tonther 3AspdeRNA ThacilugterThace -spread oRMAS
appear in clustered ou Fi qure,.4A) which cover the ,entire dsR
sbquences. ASHIENDT 35 Thao gl gDBSEIREY rERIe BB T Re SHORRAUBIOPURY ng
staggered 3'ygndyy ﬂﬁ@tﬂ}f&urﬂgg{%@%ﬁ@m&%r@bu@'ﬁégah%ét cl%@ﬁ@%-seﬁ@falt he 39

bp dsRNA, two clusters of --- wer € foun romea
dsRNA- const i nedrbggsists:. dritbsienclead: gg resienhangisti) [3'edentisanyigtsepanéiedobe

cl eavage site was, detected on e sense and.anti sense target Fi gures 3A
and 38, 11 Endos2d T e agn] BEvDS PrBERIARE e el S e EA PR Ruas
|n a coml ex{dagkoapdbales HRNAGHRMEUR IRy dilund@UlsbdenasRUTEd prbpt at
| east two target cleavage sites exist, but this was not the case. This
suggest s t hatusihebs2ived tiRNAemagpive. Fleg8nt spacidgulfl desvegadedsfauidi n t he
endonucl easebe(:%%lrgé( bt{/ug rtu%agf %?ildYneosn?Zaor}cwoFeh%t al., 2000). The specificity of
dsRNA cleavage by E. coli RNase Ill appears to be mainly controlled by
antideterminants, i.e. excluding some specific base-pairs at given positions

relative to the cleavage site (Zhang and Nicholson, 1997).

To test whether sugar-, base- or cap-modification were present in
processed ~ 21 nt RNA fragments, we incubated radiolabeled 505 bp Pp-
luc dsRNA in lysate for 1 h, isolated the ~21 nt products, and digested it
with P1 or T2 nuclease to mononucleotides. The nucleotide mixture was
then analyzed by 2D thin-layer chromatography (Figure 4B). None of the
four natural ribonucleotides were modified as indicated by P1 or T2 di-
gestion. We have previously analyzed adenosine to inosine conversion in
the ~21 nt fragments (after a 2 h incubation) and detected a small extent
(<0.7%) deamination (Zamore et al., 2000); shorter incubation in lysate
(1 h) reduced this inosine fraction to barely detectable levels. RNase T2,
which cleaves 3’ of the phosphodiester linkage, produced nucleoside 3'-
phosphate and nucleoside 3',5'-diphosphate, thereby indicating the pre-
sence of a 5'-terminal monophosphate. All four nucleoside 3’,5'-diphos-

phates were detected and suggest that the internucleotidic linkage was



strands can be used for target RNA recognition and cl eavage. The use of 3l
MAY 2005 - 31 only one of the -21 nt strands for target cleavage nay
sinply be deter- mined by the orientation in which the --- 21 nt dup| Ry by
bound to the nucle- ase conmplex. This orientation is defined by the

direction in which the original dsRNA was processed. The -21mer clusters
for the 52 bp and 111 bp dsRNA are | ess @l de- fined when conpared to the
39 bp dsRNA. The clusters are spread over regions of 25 to 30 nt nost
likely repr e@l@ﬁveﬂgwstéwé‘ftbﬁ odli st |Sﬁques@©1§@pglf@4tyt ilongudmargl the du%a] édes and

therefore gu n et cIe ua several n Th gavage
regions are ér Pqu SrHrHHR s%?) rVé?rgdg%T/era%@ (}/rﬁéfésrﬁﬁ "bcfr\/ﬁ’ The
rul es deter myy hfzb@wr«lée@éllaﬁa HRNRKIR BRre P OSERSATHOS - 3ﬂadnt fragnent s
are not yet understood but it was previ- ously observed that the approx.

21-23 nt spaci ng of cleavage sites could be altered by a run of uridines
(Zanmore et a 00 spe IfICI cl ea coli RNase
I'11 appears 11102 6‘eg %th‘f ?3 %)'chlzlze'at ES‘A%M‘? tleeF?r'i%éW &%Q"a@?cl udi ng
some speci fi g BR3Gs B@'thédﬁbdgbt@l@f RORNA ?P§ce§s%@ﬁd&€af& tha Heeavagesite
(Zhang and Ni chol son To test whether sugar-, base- or

cap- nodi fi catragmanﬂsearpr@sreematem bypaceested with2dll nhe RNarécagistessof ae

i ncubated ra oIabIed 505 bp Pp- | yc dsRNA i ate fo i, sol ated the
-21 nt pr odug gseq dckﬁadég?e'??aic?o“ LH"P118§2Té“'ﬁﬁefs€&e{?é9nm%@°€bt| des.
The nucl eot i 15890 A7 A AYADHVY Brd AYeEdCOI QTR QRAPNY
(Figure 4B). gﬁlgne 0 Lf‘rt‘%%,a@éfour 2atura 1rq!jbonucl eot i des re nodifi g)g;

i ndi cat ed bystPinds of2hdidsRieS leaningVe 3hawer parey bbadbyt 2nat. Mecblmiﬁmaﬂyne to
i nosi ne conversmn in the - ragnents (after a 2 h |ncubat|Pt and

detected a shéMhegiednt] ?Q@ %/c)”tdB%?r‘r\SmdfjPBHC?‘Z%?QU%?C%ItO SomGoP! t8fRorter
hgfg??;'bf’g :@%Faat’“%\la% ﬁl)éagh?ém&e%nﬁh{e%té&‘%bﬂ? £5F hLi OfbiliR RE' GkYiate
target RNA degradation (Figures 5A and 5B). The 21 and 22 nt RNA du-
plexes were incubated at 100 nM concentrations in the lysate, a 10-fold
higher concentrations than the 52 bp control dsRNA. Under these condi-
tions, target RNA cleavage is readily detectable. Reducing the concen-
tration of 21 and 22 nt duplexes from 100 to 10 nM does still cause target
RNA cleavage. Increasing the duplex concentration from 100 nM to 1000
nM however does not further increase target cleavage, probably due to a

limiting protein factor within the lysate.

In contrast to 29 or 30 bp dsRNAs that did not mediate RNAI, the 21 and
22 nt dsRNAs with overhanging 3’ ends of 2 to 4 nt mediated efficient
degradation of target RNA (duplexes 1, 3, 4, 6, Figures 5A and 5B). Blunt-
ended 21 or 22 nt dsRNAs (duplexes 2, 5, and 7, Figures 5A and 5B) were
reduced in their ability to degrade the target and indicate that overhanging
3’ ends are critical for reconstitution of the RNA-protein nuclease complex.
The single-stranded overhangs may be required for high affinity binding of
the ~ 21 nt duplex to the protein components. A 5’ terminal phosphate,
although present after dsRNA processing, was not required to mediate

target RNA cleavage and was absent from the short synthetic RNAs.



whi ch cl eaves 3' of the phosphodi ester |inkage, produced nucl eoside 3' -
phosphat e and nucl eosi de 3',5'-di phosphate, thereby indicating the pre-
sence of a 5'-termi nal nonophosphate. Al four nucleoside 3,5 -di phosaY 2005
phates were detected and suggest that the internucleotidic |inkage was 31
MAY 2005 - 32 cleaved with little or no sequence-specificity. In sumary,
the -21 nt fragnments are unnodified and3were generated from dsRNA such that
5' - nmonophosphates and 3'-hydroxyls were present at the 5 -end. 1.2.4

Synt heti ¢ 2Tharmymbetic ZRNABd Metina e piRaegegUiRRA aditaagegef spna¢ psiwebfast he
products of dsRNA processing.indicated that the -21 nt fr t.s.are

ener at od_ b TES PR ITOR TR RS0 i Ried B iece Nt iR RnEiug i P

cl eavage regghbRAnt REUN cd98deril ¢hat 839 b 89RN ARARRICHSRIMs 498 YairRejter t son,
1982). RNase 111 makes two staggered cuts in both strands of the dsRNA

| eavi ng a 3tlusvenshahg- 21 rabbagments (Fige Dheldayaid senssynt hesisesde 2argatd 22 nt
RNAs, identiC@I in se uencF to SRR ?f t he .cIonqg -21 nt fraqg nts| and
tested t henPPdr OPRRANDBPT FVFS o ViteBFPEST Tt §BTUTRRX Sheperin Y ¥ilYures 5A
and 5B). Thgn2l o 23rdldDredint iRl B¥es Mene dupiabdd adidto MR8 Narget
concentrations in the lysate, a 10-fold higher concentrations than the 52
bp control BbRN&ledvyader abtictbet dbadirierttating,oft theyet ZRNA dupkerage the meadi | y

det ect abl e. Reducing the concen- tration of 21 and 22 nt pl exes from 100
fo' 10 oM doelsaspiaamelsids delrgRe oA el st Stiect hgraBA REsinge

concentrati op,f rggé,i,%gigmg%ﬂ,egﬁpgg)day PMBEUE beh L8RS 0ol ﬁHBEBPe&tﬂ'hi nre?ﬂze

target cl eavage, pr limting protein factor w
| ysate. |n card sastent bo8ver daes alosds RiMAsatidraof thedactote sequariae-BdEcifict he 21

and 22 nt dsRNAs with overhanging 3' ends of 2 to 4 nt medi ated efficient
degr adat i on"NBEEREE JRAMRIGK (‘H@bg\é@egosﬁ'g& ogentationsypf ke §A(”&W(T%‘B)%N | unt -

ended 21 or 4o At T‘?ﬁ%l{t\sgikﬁf}!elgﬁ%gé@%éen@é@s Zve|Fé§HFx§§er5£e ?a;}%e?m}hiwere

reduced in their abi e target and I ndicate at overhangi ng
the region of identity with the 21 nt RNA duplex.

The target cleavage site is located 11 or 12 nt downstream of the first
nucleotide that is complementary to the 21 or 22 nt guide sequence, i.e.
the cleavage site is near center of the region covered by the 21 or 22 nt
RNAs (Figures 4A and 4B). Displacing the sense strand of a 22 nt duplex
by two nucleotides (compare duplexes 1 and 3 in Figure 5A) displaced the
cleavage site of only the antisense target by two nucleotides. Displacing
both sense and antisense strand by two nucleotides shifted both cleavage
sites by two nucleotides (compare duplexes 1 and 4). We predict that it
will be possible to design a pair of 21 or 22 nt RNAs to cleave a target

RNA at almost any given position.

The specificity of target RNA cleavage guided by 21 and 22 nt RNAs
appears exquisite as no aberrant cleavage sites are detected (Figure 5B). It
should however be noted, that the nucleotides present in the 3’ overhang
of the 21 and 22 nt RNA duplex may contribute less to substrate recog-
nition than the nucleotides near the cleavage site. This is based on the
observation that the 3’ most nucleotide in the 3’ overhang of the active

duplexes 1 or 3 (Figure 5A) is not complementary to the target. A detailed



3" ends are critical for reconstitution of the RNA-protein nucl ease conpl ex.
The singl e-stranded overhangs may be required for high affinity binding of
the -- 21 nt duplex to the protein conponents. A 5 terninal phosplait@AY 2005
al t hough present after dsRNA processing, was not required to nediate target
RNA cl eavage and was absent fromthe short synthetic RNAs. 3 1 MAY 2005 -
33 The synthetic 21 and 22 nt dupl exes” aﬁi“ded cl eavage of sense as well as
antisense targets within the region covered by the short duplex. This is an

i nport ant r83&lveisc8hdhashesyidihac 881 saN 3R e RREHY fadestakes BEINBs of

clusters of o eﬂ&:ﬁﬁqgﬁPgZ§n(ﬁN%5.2)’ cl eaved sense or antisense target
only once and not tw ce. interpret this result by suggesting that only

one of two strands present in the -21 nt duplex is able to guide target RNA
cl eavage and that the orientation of the -21 nt duplex in the nu- clease
conpl ex i s Based AP Bydemes thatisvartheiie edtansh28NtdIRNA With GveshargingThe

present at | 03 f gan alit PR PRILAELLYC P19ESRSEHce (B hthe HB1E3110 ARSI N

vitro system however doés al [ ow formt'i on € active sequence-specific

nucl ease corghert intdrierivg RPOSST bl @iRNAerdrat tlnsesfedthe BMMIPEdtieth BOKN-
duplex. This results in cleavage of sense as well as antisense target within
the regi on Bfex desmallyinigrferingdibppusleqaNateinmasticleiner sidNjet cl eavage site
is located 11 or 12 nt downstream of the first nucleotide that is
conplenmentary to the 21 or 22 nt gui de sequence, i.e. the cleavage site is

near center 108 5 Be0veghags oF 20Ht BY: sHt SRNAL hhibit FRMAS (Fi gures 4A and
4B). Displacing the sense strand of a 22 nt duplex by two nucl eotides

(conpar e dupfexeyelstamunathat shoglbéurgsgnaid gsh ehpeactedrageocsssedof only
the antisense target by.t n i des. Di_splaci bot ense, _and
anti sense. stPENTBengas" S ABENARLRT s Bl R e 0% RETESRES Ao
nucl eot i desd{RRIPA BN AUPNEXRYelaldd@ndlyzeWeisANeS GlitH hattol 20 nwolkrHis;geossi bl e
to design a pair of 21 or 22 nt RNAs to cleave a target RNA at al nost any
gi ven positingn3’ ends and found to our surprise that they were less potent than
blunt-ended dsRNAs. The inhibitory effect of long 3* ends was particularly
pronounced for dsRNAs up to 100 bp but was less dramatic for longer
dsRNAs. The effect was not due to imperfect dsRNA formation based on
native gel analysis (data not shown). We tested if the inhibitory effect of

long overhanging 3’ ends could be used as a tool to direct dsRNA process-

ing to only one of the two ends of a short RNA duplex.

We synthesized four combinations of the 52 bp model dsRNA, blunt-
ended, 3’ extension on only the sense strand, 3'-extension on only the
antisense strand, and double 3’ extension on both strands, and mapped
the target RNA cleavage sites after incubation in lysate (Figures 6A and
6B). The first and predominant cleavage site of the sense target was lost
when the 3’ end of the antisense strand of the duplex was extended, and
vice versa, the strong cleavage site of the antisense target was lost when
the 3’ end of sense strand of the duplex was extended. 3’ Extensions on
both strands rendered the 52 bp dsRNA virtually inactive. One explanation
for the dsRNA inactivation by ~ 20 nt 3’ extensions could be the associa-
tion of single-stranded RNA-binding proteins which could interfere with the

association of one of the dsRNA-processing factors at this end. This result



The specificity of target RNA cl eavage guided by 21 and 22 nt RNAs appears
exqui site as no aberrant cleavage sites are detected (Figure 5B). It should
however be noted, that the nucleotides present in the 3' overhang 9[ Eﬁﬂpﬁl
and 22 nt RNA duplex may contribute | ess to substrate recog- nition Na “The
nucl eoti des near the cleavage site. This és based on the observation that
the 3' nobst nucleotide in the 3' overhang of the active duplexes 1 or 3
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RNA-protein com .plex a "sppll interfering,ribgnuclepprotein particle” or
STRNP, 1. 2. S5Cts P g SENABIGReSSIn L itar T ohs FrAd KERR Tt DR SHechal o
shown that sfogts gttt =RASGHaf$ RN 1BRAB s sEMENE oPtRE §38E8ssihh UBrhPRxeNds of
the dsRNA. During our study of the | ength dependence of dsRNA in RNAI, we
have al so analbleel atisiRNES enidt bf 1ive senDstiendweillhary-pdarngt 8sRAWdpraredsf ound

to our surprise_ that they were |ess potent than. blunt-ended_ dsRNAs. The
i nhi bitory éPfefiorpsthePresing,gd” {ad Bgrmectﬂ”é}slef?sepFHﬁﬂanggﬂsfB‘r HERNAS up

to 100 bp b%ﬁ%ﬁ&&%ﬁqr@ﬁ%b%ie rid qug@ﬁ_orq@gglfes'an-{ %nggfﬁénm et due

to inperfect formati on based on native anal ysi's ata not shown).
W tested i fsiRN&\ dopiekiit abje ef Hette ofnse @ngetoRPhargl age 3Thedmeciaitrae be
used as a tool to direct dsRNA process- ing to only one of the two ends of a
short RNA duf§réke ragREgrgihity four conbinations of the 52 bp nodel dsRNA,
bl unt- ended, 3' extension on only the sense strand, 3'-extension on only
the antisense strand, and double 3' extension on both strands, and mapped

t he target RNWfe tdzapageusicedsnhfttienryiaftediaifilongi 3l éyteater(sHngtireesagsroand

longer dsRNAs (=500 bp, data not shown) suggests to us that long
dsRNAs may also contain internal dsRNA-processing signals or may get
processed cooperatively due to the association of multiple cleavage fac-

tors.

1.2.6 A Model for dsRNA-Directed mRNA Cleavage

The new biochemical data update the model for how dsRNA targets mRNA
for destruction (Figure 7). Double-stranded RNA is first processed to short
RNA duplexes of predominantly 21 and 22 nt in length and with staggered
3’ ends similar to an RNase lll-like reaction (Dunn, 1982; Nicholson, 1999:
Robertson, 1982). Based on the 21-23 nt length of the processed RNA
fragments it has already been speculated that an RNase |ll-like activity may
be involved in RNAi (Bass, 2000). This hypothesis is further supported by
the presence of 5’ phosphates and 3’ hydroxyls at the termini of the
siRNAs as observed in RNase lll reaction products (Dunn, 1982; Nicholson,
1999). Bacterial RNase Ill and the eukaryotic homologs Rnt1p in S. cerevi-
siae and Pac1p in S. pombe have been shown to function in processing of
ribosomal RNA as well as shnRNA and snoRNAs (see for example Chanfreau

et al., 2000).



6B). The first and predom nant cl eavage site of the sense target was | ost
when the 3' end of the antisense strand of the duplex was extended, and
vice versa, the strong cleavage site of the antisense target was | ost] Miesm;
the 3" end of sense strand of the duplex was extended. 3' Extensions on
both strands rendered the 52 bp dsRNA virtually inactive. One explanation
for the dsRNA inactivation by -20 nt 3'- 8ktensions coul d be the associ a-
tion of single-stranded RNA-bi nding proteins which could interfere with the
associ at i on lgttleifeknewnhebeldRN® piosbesysiny Ffadiase llhhomnlegedtemests; esul t
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defined by the direction of the dsRNA processing reaction. It is likely

that the prebeadesoRNage i taygedy ésireprgsentad pucihe 1 d2€ ammesishising &% t he
processing conplex. A block at the 3 e sens trand wll only
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of the si duplex is able to guide sense target RNA cl eavage. The sane is

true for the ofesiknoseaifusetionat Cose hmeologssarpr towwediin Ghielsgamsy( Aefch. ect  of
| ong 3" extepsi i.n the case of | As (>500 bp t a,,not shown)
suggests to ’géﬁgﬁgf'&) Ghg hydg Cﬁaﬁqgll Oﬁ@%@?qvn?re?lnagog_@R&}&-’F?F@i'essi ng
signals or mMpyYO@RIThPWPEESS AR HRARER FHNAR! M AR rte‘%ehlﬂgi ARG Al BRakfc-

mul tiple cleavage fac- tors. 1.2.6 A Mdel for dsRNA-Di rected nRNA C eavage
The new bi octieeiredalWdagtaalup ZA0CH)t Adenpere i$ abidgoto wsRNXresged $n iRxanf or
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simlar to an, bBRR of khéiden. ERACH G reLWR infPR% fiInk hottR@Rse 1ARMDItion
studies, a role of this protein for rRNA processing was suggested. The
second class is represented by the C. elegans gene K12H4.8 (Acc.
S44849) coding for a 1822 amino acid long protein. This protein has an N-
terminal RNA helicase motif which is followed by 2 RNase lll catalytic
domains and a dsRNA-binding motif, similar to the drosha RNase IlI family.
There are close homologs in S. pombe (Acc. Q09884), A. thaliana (Acc.
AF187317), D. melanogaster (Acc. AEO003740), and human (Acc.
AB028449) (Filippov et al., 2000; Jacobsen et al., 1999; Matsuda et al.,
2000). Possibly the K12H4.8 RNase lll/helicase is the likely candidate to be
involved in RNAI.

Genetic screens in C. elegans identified rde-1 and rde-4 as essential for
activation of RNAi without an effect on transposon mobilization or co-
suppression (Dernburg et al., 2000; Grishok et al., 2000; Ketting and
Plasterk, 2000; Tabara et al., 1999). This led to the hypothesis that these
genes are important for dsRNA processing but are not involved in mRNA
target degradation. The function of both genes is as yet unknown, the rde-
1 gene product is a member of a family of proteins similar to the rabbit

protein elF2C (Tabara et al., 1999), and the sequence of rde-4 has not yet



Robertson, 1982). Based on the 21-23 nt length of the processed RNA
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the N-term n%lgg??r%nd%%sggﬁﬁ'@m% unc |§%.W@10£@Oﬁoﬁoﬁog ar eo%r@%n?(%gﬁhai n C

el egans ( AcCpro el s6id248praithalielyan (X8 it AERS8908ng) (£ BOI hdp®YV sefggdred 2000;
Wi et al., 2000). The drosha-like human RNase |l was recently cloned and
charac- terierds onwiskertasRNAsGIRPrase Ribhie Hossilly by @ ek intesgpiies uidhi n

human tissues and, cell ,Iines,. and th rotein is localiz in . the nucl eus
ond the | nuchBsriSuaRdpAEATn AR e teisr aBE s Phrip Sl Ve e s
inhibition stadies regidrdl BarkinghiisoRrIFNA dd thEWECRIAICERSIAGoMRStion
suggested. The second class is represented by the C el egans gene K12H4. 8
(Acc. S4484Gpreetiprg3Pdip dsibA® andivnexrlaindwWhongtrpebirefmegmHissirgageeilv has

an N- term nal RNA helicas tif hchyis _f -RNase |1l catalytic
domai ns and &'U3 -r%‘i’ ﬁ'&i“ﬁ‘g’\'%‘?? P\éﬁgil?ﬁlq ?f? ag%b%ﬁéﬁg}fﬁwén.mse 1T famly.
There are cl ose honologs in S. ponbe (Acc. Q9884), A. thaliana (Acc.

AF187317), D. nel anogaster (Acc. AE003740), and human (Acc.
Without wishing to be bound by theory, we presume that the dsRNA-

processing proteins or a subset of these remain associated with the siRNA
duplex after the processing reaction. The orientation of the siRNA duplex
relative to these proteins determines which of the two complementary
strands functions in guiding target RNA degradation. Chemically syn-
thesized siBRNA duplexes guide cleavage of sense as well as antisense
target RNA as they are able to associate with the protein components in

either of the two possible orientation.

The remarkable finding that synthetic 21 and 22 nt siRNA duplexes can be
used for efficient mMRNA degradation provides new tools for sequence-
specific regulation of gene expression in functional genomics as well as
biomedical studies. The siRNAs may be effective in mammalian systems
where long dsRNAs cannot be used due to the activation of the PKR
response (Clemens, 1997). As such, the siRNA duplexes represent a new

alternative to antisense or ribozyme therapeutics.



AB028449) (Filippov et al., 2000; Jacobsen et al., 1999; Mitsuda et at.,
2000). Possibly the KL 2H4.8 RNase Ill/helicase is the |likely candidate to
be involved in RNAI. Cenetic screens in C. elegans identified rde-#sggﬁ
rde-4 as essential for activation of RNAI wi thout an effect on transp 5005
nmobi | i zation or co- suppression (Dernburg et at., 2000; Gishok et al.,
2000; Ketting and Plasterk, 2000; Tabar 8et at., 1999). This led to the
hypot hesi s that these genes are inportant for dsRNA processing but are not
invol ved i n FX®mPle grget degradation. The function of both genes is as yet

unknown, th.eﬁf\l ETntdrBeES ﬁg%% A §id JTE ﬁ{xre%f a famly of proteins simlar

to the rabbi protein el bara et a 999), and the sequence of
rde-4 has not yet 3 1 MAY 2005 - 37 been described. Future biochem cal
characterization of these proteins should reveal their nolecular function.
Processi ng t 8-t heMatRREs dupl exes appears to start fromthe ends of both

bl unt - ended dsRNAs or dsRNAs with short (1-5 nt) 3' overhangs, and proceeds
in approximtely 21-23 nt steps. Long (-20 nt) 3' staggered ends on short
dsRNAs suppr 2sE 1RRNA pp&sdratiby t hrough i nt eracti on with single-stranded
RNA- bi ndi ng Er oteins. The suppression of RNAI Si ngl e-_ stranded regions

f1 anki ng sho ﬂrﬂmsmetcﬁ@m"a@lkv @Yntﬁeﬁmdfwmﬁwaﬁ ltﬁﬁmm@ﬁphgmmp

do not 1 oad 085aEs YRmEHhEBhER oA REPFIRE T B S BRI S '“eg‘fm

presume that clebeidds Bére dsoesSieBhid gERpOSTiOd (BxSmbRet ), Oﬁollbb\@ﬁbg_
associated with the si RNA duplex after the processing reaction

ori entation BekHe Q?N‘{ﬂgﬂdwfﬁ%rs rf‘éll@tﬂivMAoUﬁlﬁéwrﬁiQﬁt@lnn@%@hér}199@5 whi ch
o 1 10 SHIBLGERA BeXyo R ARSI Ll R78 118 Do sonee
as well as amctcsamwzgeabgﬁbs&\wd@@té fiey camgatigfori 91 BSSPEB aélativeith thee
protein conponents in

first nucleotide of the start codan, siRNAs targeting RL (Acc. AF025846)

corresponded to region 119-129 after the start codon. Longer RNAs were

transcribed with T7 RNA palymerase from PCR products, followed by gel

and Sep-Pak purification. The 49 and 484 bp GL2 or GL3 dsRNAs corre-

sponded to position 113-161 and 113-596, respectively, relative to the

start of translation; the 50 and 501 bp RL dsRNAs corresponded to posi-

tion 118-167 and 118-618, respectively. PCR templates for dsRNA syn-

thesis targeting humanized GFP (hG) were amplified from pAD3 (Kehlen-

bach, 1998), whereby 50 and 501 bp hG dsRNA corresponded to position

118-167 and 118-618, respectively, to the start codon.

For annealing of siRNAs, 20 uM single strands were incubated in annealing
buffer (100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4, 2 mM
magnesium acetate) for 1 min at 90°C followed by 1 h at 37°C. The 37°C
incubation step was extended overnight for the 50 and 500 bp dsRNAs
and these annealing reactions were performed at 8.4 yuM and 0.84 yM

strand concentrations, respectively.



either of the two possible orientation. The remarkabl e finding that
synthetic 21 and 22 nt si RNA dupl exes can be used for efficient nRNA
degradati on provides new tools for sequence- specific regulation of gémaY 2005
expression in functional genom cs as well as bionmedical studies. The si RNAs
may be effective in manmalian systens where |ong dsRNAs cannot be used due
to the activation of the PKR response (€Penmens, 1997). As such, the si RNA
dupl exes represent a new alternative to antisense or ribozyne therapeutics.
3 1 MAY 20052-1-23@elfaiire 2 RNA Interference in Human Tissue Cultures 2.1

Vet hods 2, &35 B BISBRL BLA0 2t RS, VDB, SHBIILARL L YD PBLRRS UST 1O

Expedi t e RNA"phosphor a &s 'and Ine p osphor am

Cer many) . Sygiebptupplehiegrad-withepd YdEBSWEIND deis phlesésidillandnged e@l}fg/frned
(Exanple 1), followed by Sep- Pak C18 cartrldge (Waters, MIford, MA USA)
purificati onst(ermtﬁwcmpgg?@ C 21‘% Hl*ﬁﬁﬁ(%é&ﬁj@ﬁ sCOar aezei“ﬁg/v@_ezgr(omm at

X65324) and 3 |UCI [ as carres of €gi ons
153-173 rel a 8 Yo Lﬁ%eccf i?'st 'ﬁ %ﬂe}e Or}ne{j%rH %ﬁe (5% g %’?‘%ng/
targeting RLF&@CtxooAﬁﬂesﬁﬁﬂ@)em&mwmmo /mgteast@wcliﬁ £30s aidrerreghe start
codon. Longer RNAs were transcribed with Eﬁ' ynmerase from P

products, fdeflygweassbgedad maintaiSegxrrRalenbial gquml h gferd 9raasdeddan bp G2

GL3 dsRNAs -161 d 113- ly,
Cel ative to THoRS EQet BARTEPRRE, BBPheREn 6ok Wate M s e REnH hRRES 115 VY

cor r espondedyitp RESH mddigm wBroll arfMioddS 6B88x 1MesRgsimmMednd 1ReRideap! at es
for dsRNA syn- thesis targeting humani zed GFP (hG were anplified from pAD3

(Kehl en- bacte, 24998} plaiiser(66) BlowaiY %@peﬂjp WES IR RN YOSHT 28p bedied split-
position 11't8ng ‘Frans%c }o8n E\s/vla8si carmdt§ {VelﬂY’Llpoq[ecpamtsr{[eaﬁbo‘éor%%gent (Life
Technologies) as described by the manufacturer for adherent cell lines. Per
well, 1.0 uyg pGL2-Control (Promega) or pGL3-Control (Promega), 0.1 ug
pRL-TK (Promega) and 0.28 ug siRNA duplex or dsRNA, formulated into
liposomes, were applied; the final volume was 600 yl per well. Cells were
incubated 20 h after transfection and appeared healthy thereafter. Lucife-
rase expression was subsequently monitored with the Dual luciferase assay
(Promega). Transfection efficiencies were determined by fluorescence
microscopy for mammalian cell lines after co-transfection of 1.1 yg hGFP-
encoding pAD3 and 0.28 wpg invGL2 inGL2 siRNA and were 70-90%.
Reporter plasmids were amplified in XL-1 Blue (Stratagene) and purified

using the Qiagen EndoFree Maxi Plasmid Kit.

2.2 Results and Discussion

To test whether siRNAs are also capable of mediating RNAI| in tissue cultu-
re, we synthesized 21 nt siRNA duplexes with symmetric 2 nt 3’ over-
hangs directed against reporter genes coding for sea pansy (Renilla renifor-
mis) and two sequence variants of firefly (Photinus pyralis, GL2 and GL3)
luciferases (Fig. 8a, b). The siRNA duplexes were co-transfected with the
reporter plasmid combinations pGL2/pRL or pGL3/pRL into D. melanogaster
Schneider S2 cells or mammalian cells using cationic liposomes. Luciferase

activities were determined 20 h after transfection. In all cell lines tested,



For anneal i ng of si RNAs, 20pM single strands were incubated in annealing
buffer (100 mM potassium acetate, 30 nM HEPES-KCH at pH 7.4, 2 nmM nagnesi um
acetate) for 1 min at 90C followed by 1 h at 37C. The 37C i ncubat i3dnMAYt 25
was extended overnight for the 50 and 500 bp dsRNAs and t hese anneal i ng
reactions were perforned at 8.4 pMand 0.84 NM strand concentrations,
respectively. 3 1 MAY 2005 -39 2.1.2-G4t Culture S2 cells were propagat ed
in Schneider's Drosophila medium (Life Technol o- gies) supplenmented with 10%
FBS, 100 unwesibseryegiseprificregvgtieooo pienexpressmn eiies repertesgengod

NI H 3T3, -G Ce 206 A0 7GLn Dul becco' s modified

Eagl e's mkﬁbgrﬁsr%aﬁgcgr?énﬁoe%a\%eﬁﬁ@&/?gﬁ%é%g1((1):39'%‘%’ t”s'%lﬁ Séﬁal%éh ﬂ?o aénd 100
pg/ M streplonmeCivRifefld sxWeRiseidre@veld dery upRIRaded ByonbRiddgidle exponenti al
grow h. 24 h before transfection at approx. 80% confl uency, mammalian cells

wer e trypsisiRi¥éd, andicgitingt gk labsenaet of hesgiuhsiieudffdcthioay 2htitbROWA cs (1-3

105 I'ls{m t f 24-wel | plat 500 pl/well). S2 |1
Nere ot RHRUPHES Byt Bt E0& i Tor HRtiee et WhoF caepbRaser S PPk (98 v ¢ o
Li pof ect amidqie R0QBerGAISMN ikkibitRn JERMIRLA8EENafeoffIEld. DR rhBRan

manuf acturer for adherent cell lines. Per well, 1.0 pg pG.2-Control
(Pronega) arellpGvdeCertheoiepEPres rgeg@s, werel 5Py topRO-FRId Fironggakxpressed28 pg
si RNA dupl ex or dsRNA, fornulated,into |jposones, ) applied; the final
vol ure was (B8GR5 s URRIE OB AS 1Sy Pl 1B Foab RLAMTH STHARLYERt f on
and appear edqhead ot NoIBRS, LEI3 ekifédfon ASE BXRBRFSHORIVBRpRRFAYENT |y
nonitored with the Dual luciferase assay (Pronega). Transfection

ef fici enci s 3vold, detespuinsedolthefdogmads sdiidAs. Foc28Samly, fangetmgH Rlan cel |

VG2 | nalYEgrIRRA Bhd s RSB a5 EREpEY e e TP de G il Chip §18PE8 1 n
>K<:_t1 Bl ue (3LhahadeeptcRAIPYES ogd). 15t K Herd RIRM FNALENPReIH il asmi d
293 cells may be due to its 5- to 20-fold higher expression compared to
any other mammalian cell line tested and/or to limited accessibility of the
target sequence due to RNA secondary structure or associated proteins.
Nevertheless, specific targeting of GL2 and GL3 luciferase by the cognate

siRNA duplexes indicated that RNAi is also functioning in 293 cells.

The 2 nt 3’ overhang in all siRNA duplexes, except for uGL2, was compo-
sed of (2'-deoxy) thymidine. Substituion of uridine by thymidine in the 3’
overhang was well tolerated in the D. melanogaster in vitro sytem and the
sequence of the overhang was uncritical for target recognition. The thymi-
dine overhang was chosen, because it is supposed to enhance nuclease
resistance of siRNAs in the tissue culture medium and within transfected
cells. Indeed, the thymidine-modified GL2 siRNA was slightly more potent
-than the unmodified uGL2 siRNA in all cell lines tested (Fig. 9a, c, e, g, i).
It is conceivable that further modifications of the 3’ overhanging nucleoti-
des may provide additional benefits to the delivery and stability of siRNA

duplexes.

In co-transfection experiments, 25 nM siRNA duplexes with respect to the

final volume of tissue culture medium were used (Fig. 9, 10). Increasing



2.2 Results and Discussion To test whether siRNAs are al so capabl e of
mediating RNAI in tissue cultu- re, we synthesized 21 nt si RNA duplexes with
symmetric 2 nt 3" over- hangs directed agai nst reporter genes codi ng%< LY
pansy (Renilla renifor- ms) and two sequence variants of firefly (Photinus
pyra/is, G2 and G3) luciferases (Fig.,.8a, b). The si RNA dupl exes were
co-transfected with the reporter pl asméb1 conbi nati ons pGA.2/pRL or pG.3/pRL

into D. nela Schnei der mamal i an cells ysing cationic

| posomes. e S aNAxgorcantaven &8 il BMRLofT RRuoeF K rpee e Aibeedi | on.

In all cell difdiqg, beeiseshtedkoM¥fedOlanstAioMmeARSEH MBS RREED Chtngastug] 1 on of
the expression of the reporter genes in the presence of cognate si RNA

dupl exes (Fifgr lip@spme Rewapkalalipn béovedn pst@d;mtde ON®i dret asieNéx pda=shon

| evel s were naffe ed b co te siRNAs, indi t he absence of
o nf ol o de BRTEe LGS no e AN At SHt b 1 TS gV SRR0R reBrca s
cells). InQ e@ﬁﬁ&@@%fwgref%@&}aké n(o'%'ﬂwowﬁ)a Wb tHdR P BSE IsiRIGASNRERL t1 on
of | uci ferasgs was conp I n mamal i an e| ere the reporter genes

wer e 50- tonbd0-droly 2-sta (ﬁﬁlgmldenpreessedentretmi $ip)mnhed3I§Appr&'smden Thiéss | ess

conplete (Fig.. 9c-j G2, expression educed to 12-fold, G
expressi on y‘d'Fét%%*?%tl AR RiE é%HF’QV\@PBH DOW@rfjerPgeni%%re@@g,ﬁgﬁq 0 t he
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|neffect|ve targets responde spec |caly (Fig. ,
j). The | acIs:eoferarl@duets ohmafnRLdexpi®essheronsen#@fonelapplisdyn bendeeptido | ts
5- to 20-fold higher expression conpared to any other mammalian cell |ine
tested and/ &2 BHTSERFE & MRS EPPPttWQﬁt'rthéXP?%\’P&@fS -sequence due to RNA
secondary structure or associated proteins. Nevertheless, specific
targeting of L2 and G.3 luciferase by the cognate siRNA dupl exes indicated

that RNAI i $nalrger ftonebhibk I‘nlgeidierﬁE’obelrﬂg%r dEiRN As rin B\an@:vembanganisn &g |
si RNA dupl exes, except for u@2, was conpo- sed of (2'-deoxy) thym dine.
Subst i t ui on 28 PP m@SWAﬁrﬁﬂﬁr@fﬁ%éo ithe f%or?ser genes were PrePared s non-

specific control, dsRNAs from humanized GFP (hG) (Kehlenbach, 13998}
was used. When dsRNAs were co-transfected, in identical amounts (not
concentrations) to the siRNA duplexes, the reporter gene expression was
strongly and unspecifically reduced. This effect is illustrated for Hela cells
as a representative example (Fig. 10a-d). The absolute luciferase activities
were decreased unspecifically 10- to 20-fold by 50 bp dsRNA and 20- to
200-fold by 500 bp dsRNA co-transfection, respectively. Similar unspecific
effects were observed for COS-7 and NIH/3T3 cells. For 283 cells, a 10- to
20-fold unspecific reduction was observed only for 500 bp dsRNAs. Un-
specific reduction in reporter gene expression by dsRNA > 30 bp was

expected as part of the interferon response.

Surprisingly, despite the strong unspecific decrease in reporter gene ex-
pression, we reproducibly detected additional sequence-specific, dsRNA-
mediated silencing. The specific silencing effects, however, were only
apparent when the relative reporter gene activities were normalized to the
hG dsRNA controls (Fig. 10e, f). A 2- to 10-fold specific reduction in
response to cognate dsRNA was observed, also in the other three mamma-

fian cell lines tested (data not shown). Specific silencing effects with



overhang was well tolerated in the D. nme/anogaster in vitro sytemand the
sequence of the overhang was uncritical for target recognition. Theé§?xﬂ&- ﬂ
di ne overhang was chosen, because it is supposed to enhance nucl eas 2005
resistance of siRNAs in the tissue culture nmediumand within transfected
cells. Indeed, the thym dine-nodified G.2 si RNA was slightly nore potent
than the unnDdlfled UGL2 siRNA in all cef®-lines tested (Fig. 9a, c, e, g,
i). It is conceivable that further nodifications of the 3' overhangi ng
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expression was strongly and unspecifically reduced. This effect | s
illustrated for HeLa cells as a representative exanple (Fig. 10a-d). The
absol ut e | uclinfarrasaractievhidveedemonstrated for the first time siRNA-mediated gene

silencing in mammalian cells. The use of short siRNAs holds great promise
for inactivation of gene function in human tissue culture and the develop-

ment of gene-specific therapeutics.

Example 3

Specific Inhibition of Gene Expression by RNA Interference
3.1 Materials and Methods

3.1.1 RNA preparation and RNAi assay

Chemical RNA synthesis, annealing, and luciferase-based RNAi assays
were performed as described in Examples 1 or 2 or in previous publications
(Tuschl et al., 1999; Zamore et al., 2000). All siRNA duplexes were direc-
ted against firefly luciferase, and the luciferase mRNA sequence was
derived from pGEM-luc (GenBank acc. X65316) as described (Tuschl et al.,
1999). The siRNA duplexes were incubated in D. melanogaster RNAi/trans-
lation reaction for 15 min prior to addition of mRNAs. Translation-based

RNAi assays were performed at least in triplicates.



wer e decreased unspecifically 10- to 20-fold by 50 bp dsRNA and 20- to
200-fold by 500 bp dsRNA co-transfection, respectively. Simlar unspecific
effects were observed for COS-7 and NIH 3T3 cells. For 293 cells, a3l0MAt 805
20-fol d unspecific reduction was observed only for 500 bp dsRNAs. Un-
specific reduction in reporter gene expression by dsRNA > 30 bp was
expected as part of the interferon resp e. Surprisingly, despite the
strong unspecific decrease in reporter gene ex- pression, we reproducibly
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differences of target and control dsRNA. Taken together, our results indi-
cate that RWaisiienabOixEd irelatimmtaltharstagldagdonpduarnay! traesterasmabeding f ect

is difficult to detect, if the interf tem | iwated by dsRNA > 30
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for inactivation of gene function in human tissue culture and the devel op-
ment of genedpecgét BNthér &peueiaswgaster embryo lysate under standard condi-

tions (Zamore et al., 2000) for 2 h at 25°C. The reaction was stopped by

the addition of 8 volumes of proteinase K buffer (200 mM Tris-HCI pH 7.5,
25 mM EDTA, 300 mM NaCl, 2% w/v sodium dodecy! sulfate). Proteinase
K (E.M. Merck, dissolved in water) was added to a final concentration of
0.6 mg/ml. The reactions were then incubated for 15 min at 65°C, ex-
tracted with phenol/chloroform/isoamyl alcohol (25:24:1) and precipitated
with 3 volumes of ethanol. Samples were located on 6% seguencing gels.
Length standards were generated by partial RNase T1 digestion and partial

base hydrolysis of the cap-labelled sense or antisense target RNAs.

3.2 Results

3.2.1 Variation of the 3" overhang in duplexes of 21-nt siRNAs

As described above, 2 or 3 unpaired nucleotides at the 3’ end of siRNA
duplexes were more efficient in target RNA degradation than the respective
blunt-ended duplexes. To perform a more comprehensive analysis of the
function of the terminal nucleotides, we synthesized five 21-nt sense
siRNAs, each displayed by one nucleotide relative to the target RNA, and

eight 21-nt antisense siRNAs, each displaced by one nucleotide relative to



Exanmpl e 3 Specific Inhibition of Gene Expression by RNA Interference 3.1
Materials and Methods 3.1.1 RNA preparation and RNAI assay Chem cal RNA
synt hesi s, annealing, and |luciferase-based RNAI assays were perfo q@ ﬂ@
described in Exanples 1 or 2 or in previous publications (Tuschl dtMA) 1
1999; Zanore et al., 2000). Al siRNA_ | exes were direc- ted agai nst
firefly luciferase, and the luciferase sequence was derived from

PGEM | uc ( ank a 6 chl..et al 1999 The
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was performe previ ou descri bed (Zanore et at. 00). For mapping of
t ar get RNA zeldeay dge ratilO® hslla'hssed?limmelmbes)enmamﬁ atihAL §cbrvadmp5n$cmn 1the nM

target RNA . in mel ano as r e | ysat d ndar d ndi ons
(Faore et Blerrersnse; o9os o anciombs Rdordilpbbars dicardpgaets, | Br
addi tion off, %QéH%&fra@.b@tﬁéw&ema gfc&@@&w%&ng 8t BHMRG VOr% 25 M
EDTA, 300 mM NadCl, w v sodi um dodecyl sulfate). Proteinase
dsRNAs (Fxgure 11A) and at 100 nM for siRNA duplexes (Figure 11C-J).
The 100 nM concentrations of siRNAs was chosen, because complete
processing of 5 nM 504 bp dsRNA would result in 120 nM total siRNA

duplexes.

The ability of 21-nt siRNA duplexes to mediate RNAI is dependent on the
number of overhanging nucleotides or base pairs formed. Duplexes with
four to six 3’ overhanging nucleotides were unable to mediate RNAI (Figure
11C-F), as were duplexes with two or more 5’ overhanging nucleotides
(Figure 11G-J). The duplexes with 2-nt 3’ overhangs were most efficient in
mediating RNA interference, though the efficiency of silencing was also
sequence-dependent, and up to 12-fold differences were observed for
different siRNA duplexes with 2-nt 3’ overhangs (compare Figure 11D-H).
Duplexes with blunted ends, 1-nt 5’ overhang or 1- to 3-nt 3’ overhangs
were sometimes functional. The small silencing effect observed for the
siRNA duplex with 7-nt 3’ overhang (Figure 11C) may be due to an
antisense effect of the long 3’ overhang rather than due to RNAI.
Comparison of the efficiency of RNAi between long dsRNAs (Fig. 11B) and
the most effective 21-nt siRNA duplexes (Fig. 11E, G, H) indicates that a
single siRNA duplex at 100 nM concentration can be as effective as 5 nM

504 bp dsRNA.
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Duplexes with 19- to 25-nt sense siRNAs were also able to mediate RNA,
but to a lesser extent. Similarly, in the second series, with 2-nt overhang
of antisense siRNA, the 21-nt siRNA duplex with 2-nt 3’ overhang was
most active, and any other combination with the 18- to 25-nt sense

siRNAs was active to a significant degree. In the last series, with 3-nt anti-
sense siRNA 3’ overhang, only the duplex with a 20-nt sense siRNA and
the 2-nt sense 3’ overhang was able to reduce target RNA expression.
Together, these results indicate that the length of the siRNA as well as the
length of the 3’ overhang are important, and that duplexes of 21-nt siRNAs

with 2-nt 3’ overhang are optimal for RNAI.

3.2.3 Length variation of siRNA duplexes with a constant 2-nt 3" overhang
We then examined the effect of simultaneously changing the length of both
siRNA strands by maintaining symmetric 2-nt 3’ overhangs (Figure 13A).
Two series of siRNA duplexes were prepared including the 21-nt siRNA
duplex of Figure 11H as reference. The length of the duplexes was varied
between 20 to 25 bp by extending the base-paired segment at the 3’ end
of the sense siRNA (Figure 13B) or at the 3’ end of the antisense siRNA
(Figure 13C). Duplexes of 20 to 23 bp caused specific repression of target

luciferase activity, but the 21-nt siRNA duplex was at least 8-fold more



dupl exes. The ability of 21-nt si RNA duplexes to nediate RNAI is dependent
on the nunber of overhangi ng nucl eotides or base pairs forned. Dupl exes
with four to six 3' overhanging nucleotides were unable to nediate JRNAY 9505
(Figure 11 CGF), as were duplexes with two or nore 5 overhangi ng i
nucl eotides (Figure 11 GJ). The dupl szfg_with 2-nt 3' overhangs were nost
efficient in nediating RNA interference,” though the efficiency of silencing

was al so seguence-dependen and up, to 12-fold differen wer e observed
for differ eeﬁﬁcgqr‘%ﬁ%\aﬁwye&fte@eﬁtgﬁréi_uH(tl)e@s. &éra}?gn%é'rttc%ﬁ%gr dupiexGr & 1
D-H). Dupl exgasresiutthinbhticede €R8% inleflerdncVeENasr REpdcifitGeffedlls Were
overhangs were sonetines functional. The small silencing effect observed
for the si RNAodgs earigiiems pnnrot® e phaling duPigyupeoduced) simaerbeffelets. t o an
anti sense effect of the long 3' overhang rather than due to RNAN .
Conparison of the efficiency of RNAI between |long dsRNAs (Fig. 11 B) and

the nost effpothjve Boky apuRNfOdMBkIONaROLTIE siRNIA Bupfaxdd indicates that a

singl e si RNA duplex at 100 nM concentration can be as effective as 5 nM 504
bp dsRNA. 3 Tb Me200% imparBance 2f 2hé st A rikaoseateisahuasf for RN Ae mep IskEINA

paired to an jpvariant_271-nt ntisense Si RNA I. rder to inyestigate the
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conbi ni ng_t hﬁgeif%%r Eﬂaﬁ&&'v@é@@x%ﬁ@é@%ﬁ%w 14 HilbstitSrioh L 2BND-HEBSe
strands. The 3" overhang of the antisensé siR was fixed to 1, 2, or 3 nt
in each si RAeldbphegx tseli-dspxyuaethdes badeno siffRiA, and araan #like aeplacs- 3' end

(Figure 1 2A). Independent. .of the |lenght of the sense si RNA, we found that
bl exes i (HEBt 1 B0 UL BPORRRCTdes Adie e TG (BP GOV enoe) METe ore
active than ff i drodRted-signifcanfy aERoBSiRITASUTRLL 280 )of 490 BE fi T st
seri es, vvitt?tgf%'r‘?freg' o’vaeTrohanS osi‘ﬁmaﬁ?PsZnse Si I'QNA dupije'xes? vvioth an21- and
22-nt sense RS, dualex yware eeplaced by DNA residues without loss of activity.
Complete substitution of one or both siRNA strands by 2'-deoxy residues,

however, abolished RNAI, as did substitution by 2’'-O-methyt residues.

3.2.5 Definition of target RNA cleavage sites

Target RNA cleavage positions were previously determined for 22-nt siRNA
duplexes and for a 21-nt/22-nt duplex. It was found that the position of
the target RNA cleavage was located in the centre of the region covered by
the siRNA duplex, 11 or 12 nt downstream of the first nucleotide that was
complementary to the 21- or 22-nt siRNA guide sequence. Five distinct 21-
nt siRNA duplexes with 2-nt 3" overhang (Figure 15A) were incubated with
5’ cap-labelled sense or antisense target RNA in D. melanogaster lysate
(Tuschl et al., 1999; Zamore et al., 2000). The 5’ cleavage products were
resolved on sequencing gels (Figure 15B). The amount of sense target RNA
cleaved correlates with the efficiency of siRNA duplexes determined in the
translation-based assay, and siRNA duplexes 1, 2 and 4 (Figure 15B and
11H, G, E) cleave target RNA faster than duplexes 3 and 5 (Figure 15B and
11F, D). Notably, the sum of radioactivity of the 5’ cleavage product and
the input target RNA were not constant over time, and the 5’ cleavage

products did not accumulate. Presumably, the cleavage products, once



1- and 2-nt 3' overhang of sense siRNA, respectively, were nost active.

Dupl exes with 19- to 25-nt sense si RNAs were al so able to nediate RNA,  but
to a lesser extent. Simlarly, in the second series, with 2-nt overgggﬁyf_\Y 2%5
antisense si RNA, the 21-nt siRNA duplex with 2-nt 3" overhang was

active, and any other conbination with the 18- to 25-nt sense siRNAs was
active to a significant degree. In the t49t- series, with 3-nt anti- sense

si RNA 3' overhang, only the duplex with a 20-nt sense si RNA and the 2-nt
sense 3' overdlaasedviiorathe sikNAeghdenucieass cRNAlexmresspolly defugdetieiue t hese
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repression of tar | uci f er ase actl Vi t% but %}r si RNA dupl ex was at

| east 8-fol quB"r“ég% ThRrteroeiss WeraeClepY ¢ ¢ iRsREISE a aﬁ§/ whpEegfhef the
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interference equence-specific effects were mnor as variations on both
ends of the dumpé«mpnmmcwddelmRNér(lﬁ@tﬂl@cﬂéA B3. 2.4 2'-Deoxy and
2'-Onethyl -nodi fied si RNA dupl exes To assess the inportance of the si RNA
ribose residues for RNAi, duplexes wth 21-nt si RNAs and 2-nt 3' overhangs
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Substitution o 2-nt 3" over angs by 2'-deoxy nucl eotides had no
ef fect, and gwenulehdor epgrt RNA cleavage, we devised the experimental strategy

outlined in Figure 16A and B. A 21-nt antisense siRNA, which was kept
invariant for this study, was paired with sense siRNAs that were modified
at either of their 5’ or 3’ ends. The position of sense and antisense target
RNA cleavage was determined as described above. Changes in the 3’ end
of the sense siRNA, monitored for 1-nt 5’ overhang to 6-nt 3’ overhang,
did neither effect the position of sense nor antisense target RNA cleavage
(Figure 16C). Changes in the 5’ end of the sense siRNA did no affect the
sense target RNA cleavage (Figure 16D, top panel), which was expected
because the antisense siRNA was unchanged. However, the antisense
target RNA cleavage was affected and strongly dependent on the 5’ end of
the sense siRNA (Figure 16D, bottom panel). The antisense target was only
cleaved, when the sense siRNA was 20 or 21 nt in size, and the position
of cleavage different by 1-nt, suggesting that the 5’ end of the target-
recognizing siRNA sets the ruler for target RNA cleavage. The position is
located between nucleotide 10 and 11 when counting in upstream direc-
tion from the target nucleotide paired to the 5'-most nucleotide of the

guide siRNA (see also Figure 15A).



ment of two additional riboncleotides adjacent to the overhangs in the
paired region, produced significantly active si RNAs. Thus, 8 out of 42 nt of
a si RNA dupl ex were replaced by DNA residues without |oss of activi8y.MAY 2004
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were less active by a factor 2 to 4 when compared to the wild-type se-

guence UG or the mutant UU. This reduction in RNAI efficiency is likely

due to the contribution of the penultimate 3’ nucleotide to sequence-speci-

fic target recognition, as the 3’ terminal nucleotide was changed from G to

U without effect.

Changes in the sequence of the 3’ overhang of the sense siRNA did not
reveal any sequence-dependent effects, which was expected, because the

sense siRNA must not contribute to sense target mRNA recognition.

3.2.7 Sequence specifity of target recognition

In order to examine the sequence-specifity of target recognition, we in-
troduced sequence changes into the paired segments of siRNA duplexes
and determined the efficiency of silencing. Sequence changes were in-
troduced by inverting short segments of 3- or 4-nt length or as point muta-
tions (Figure 18). The sequence changes in one siRNA strand were com-
pensated in the complementary siRNA strand to avoid pertubing the base-
paired siRNA duplex structure. The sequence of all 2-nt 3’ overhangs was

TT (T, 2'-deoxythymidine) to reduce costs of synthesis. The TT/TT refe-



target position conplenentary to the 3'-nost nucl eotide of the sequence-
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3.3 Discussion

siRNAs are valuable reagents for inactivation of gene expression, not only
in insect cells, but also in mammalian cells, with a great potential for
therapeutic application. We have systematically analysed the structural
determinants of siRNA duplexes required to promote efficient target RNA
degradation in D. melanogaster embryo lysate, thus providing rules for the
design of most potent siRNA duplexes. A perfect siRNA duplex is able to
silence gene expression with an efficiency comparable to a 500 bp dsRNA,

given that comparable quantities of total RNA are used.

3.4 The siRNA user guide

Efficiently silencing siRNA duplexes are preferably composed of 21-nt
antisense siRNAs, and should be selected to form a 19 bp double helix
with 2-nt 3’ overhanging ends. 2’-deoxy substitutions of the 2-nt 3" over-
hanging ribonucleotides do not affect RNAI, but help to reduce the costs of
RNA synthesis and may enhance RNAse resistance of siRNA duplexes.

More extensive 2’-deoxy or 2’-O-methyl modifications, however, reduce



the sense 3' overhang and UG in the antisense 3' overhang (AA UG . All
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level. This suggests that siRNA duplexes may be able to discriminate

mutant or polymorphic alleles in gene targeting experiments, which may

become an important feature for future therapeutic developments.

Sense and antisense siRNAs, when associated with the protein compo-
nents of the endonclease complex or its commitment complex, were sug-
gested to play distinct roles; the relative orientation of the siRNA duplex in
this complex defines which strand can be used for target recognition.
Synthetic siRNA duplexes have dyad symmetry with respect to the double-
helical structure, but not with respect to sequence. The association of
siRNA duplexes with the RNAI proteins in the D. melanogaster lysate will
lead to formation of two asymmetric complexes. In such hypothetical
complexes, the chiral environment is distinct for sense and antisense
siRNA, hence their function. The prediction obviously does not apply to
palindromic siRNA sequences, or to RNAI proteins that could associate as
homodimers. To minimize sequence effects, which may affect the ratio of
sense and antisense-targeting siRNPs, we suggest to use siRNA sequences
with identical 3’ overhanging sequences. We recommend to adjust the
sequence of the overhang of the sense siRNA to that of the antisense 3’

overhang, because the sense siRNA does not have a target in typical
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si RNA does not contribute to specificity of target recognition, while the
penul ti mate nucl eotide of the 3' overhang affects target RNA cl eavage, and

a msmatch reduces RNAI 2- to 4-fold. The 5 end of a guide si RNA a%%OMAYZWH
appears nore perm ssive for msmatched target RNA recognition when “conpared
to the 3' end. Nucleotides in the centre of the siRNA, |ocated opposite the
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one nodi fied nucl eoti de anal ogue. 7. The RNA nol ecul e of claim6, wherein
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nodi fied ribonucleotides. 8. The RNA nol ecul e according to claim & joMAy73004
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the 2'-CH group is replaced by a group_selected fromH OR R halo, SH,
SR, NH2, NHR, NR2 or CN, wherein R is° ,-C6 al kyl, al kenyl or al kynyl and
halo is F, C, Br or I. 3 1 MAY 2005 - 60 9. The RNA nol ecule of claim®6
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interference and/or DNA methylation.

3. The RNA molecule of claim 1 or 2, wherein each strand has a length

from 19-23, particularly from 20-22 nucleotides.

4. The RNA molecule of any one of claims 1-3, wherein the 3'-overhang

is from 1-3 nucleotides.

5. The RNA molecule of any one of claims 1-4, wherein the 3'-overhang

is stabilized against degradation.

6. The RNA molecule of any one of claims 1-5, which contains at least

one modified nucleotide analogue.

7. The RNA molecule of claim 6, wherein the modified nucleotide ana-

logue is selected from sugar- or backbone modified ribonucleotides.

8. The RNA molecule according to claim 6 or 7, wherein the nucleotide
analogue is a sugar-modified ribonucleotide, wherein the 2'-OH
group is replaced by a group selected from H, OR, R, halo, SH, SR’,
NH,, NHR, NR; or CN; wherein R is C,-C¢ alkyl, alkenyl or alkynvl and
halo is F, Cl, Br or I.



15. A method of nediating target-specific nucleic acid nodifications in a
cell or an organismconprising the steps: (a) contacting said cell or
organismw th the doubl e-stranded 3 1 MAY 2005 - 61 RNA nol ecul e df! Mhf2005
one of clainms 1-11 under conditions wherein target-specific nucleic acid
nodi fications can occur, and (b) nedigéhng a target-specific nucleic acid
nodi fication effected by the doubl e-stranded RNA towards a target nucleic
acid having a sequence portion substantially corresponding to the doubl e-
stranded RNA. 16. The nethod of claim 15, wherein the nucleic acid

modi fication Ps RNAE RiVAeMYEenEeoari@iBre B met RS At ihénnUeiRotidRANAHET of

claim15 and 16 wher gi fla SdoheCRRIHRd PhHoRREROLIEES cohtRidin Ué?';ﬂgos%'o@'uoate
doubl e-stranded RNA nol ecule into a target cell in whic

target-specific nu@i®iPc acid nodification can occur. 18. The met hod of claim
17 wherein the introducing conprises a carrier- mediated delivery or
injection. 19. Use of the nethod of any one of clains 15-18 for determ ning
the functionlof arypeRNA mnelecelel obengrog gém‘la;'ms 209, w*éctoﬂwastmsnetierw of
any one of clainms 15-18 for th nctlon f e in

an organism 21. ﬂ. V”&% fd%r] 1§tg‘? 55850 e@t tot% g mgg%c?

w th a pathol ogi cargetomdiddude. 22. The use of claim 21, wher ein the gene is
a pat hogen- associ ated gene. 23. The use of claim 22, wherein the gene is a
viral gene. 24. The use of claim 21, wherein the gene is a tunor-associated

gene. 31 MAY 2005 The 62A 2B0ldtie W5 ecigin cl®i Whadein WY Ridhtltheisgganeass 7an

aut oi mune di sease-
percent.

12. A method of preparing a double-stranded RNA molecuie of any one of

claims 1-11 comprising the steps:

(a) synthesizing two RNA strands each having a length from 19-25
nucleotides, wherein said RNA strands are capable of forming a

double- stranded RNA molecule,

(b) combining the synthesized RNA strands under conditions, wherein a
double-stranded RNA molecule is formed, which is capable of target-

specific nucleic acid modifications.

13. The method of claim 12, wherein the RNA strands are chemically

synthesized.

14. The method of claim 12, wherein the RNA strands are enzymatically

synthesized.

15. A method of mediating target-specific nucleic acid modifications in a

cell or an organism comprising the steps:

(a) contacting said cell or organism with the double-stranded



associ ated gene. 26. Pharnmaceutical conposition containing as an active
agent at | east one double-stranded RNA nol ecul e of any one of cl aiﬂs %hﬂ]
and a pharmaceutical carrier. 27. The conposition of claim26 for MAY 005
di agnostic applications. 28. The conposition of claim26 for therapeutic
applications. 29. A eukaryotic cell or & eukaryoti c non-human organi sm
transfected with an RNA nolecule of claim1l. 30. A eukaryotic cell or a
eukaryotic non-human organi smexhibiting a target gene-specific knockout
phenotype wherein said _cell or organismis transfected with at |egast one
Goubl e St randed RNA moRSAUIBOIESRIDIE oF it CITHG St fel xHPeSsiGAOBP N
endogeneous target gengherein thfger-EPAifieAGaeicneLi@imbaifisstionecavubt e, shaanded
RNA nol ecul e capabl e of inhibiting the expression of at |east one
endogeneous target gene and wherein said cell or organismis further
transfected with gt, | east,. ogne exogeneous.target. nugleic..acid codin or the
target protein or vamegfﬁ%r}ﬂ ary}ﬁ?%ef é%oefcgicnp @ 'GRE trgpégl[cabpgtegﬁ%t%gr ein
sai d exogeneous tar gettheugd etle-aeartiedRNReiowdreion tdirgeendoganeaddshadvatigat
gene on the nucleic acid |l evel such that the expression of the exo eous
target nucleic acid i sSCRHRISEaRPIEAN ySUDSERN ] SPfréépB‘;}d‘Pﬁet?ioﬁlﬂ é’oggpeénded
RNA nol ecul e than theggexpd&sringn of the endogeneous target gene. 31. The
cell or organismof claim30 which is a mammalian cell. 3 1 MAY 2005 - 63
32. The cell or organismof claim31 which is a human cell. 33. The cell or
organi sm of cJlai m30 rein the eneous rget . i c.acid i ed to
a further nucjle’gi ?g%in\é@tgggu%fnélgnr@ﬁf(%gwﬁgregn tﬁigtrgjcﬁea'%%g?dpg%?q'ﬁéétgorn e E{Hﬁ

pol ypepti de. 34. idserfeferickearciybl DINA onegrapiasionof any of cl ains 30-33 for

anal ytic procedures.

17. The method of claim 15 and 16 wherein said contacting comprises
introducing said double-stranded RNA molecule into a target cell in

which the target-specific nucleic acid modification can occur.

18. The method of claim 17 wherein the introducing comprises a carrier-

mediated delivery or injection.

19, Use of the method of any one of claims 15-18 for determining the

function of a gene in a cell or an organism.

20. Use of the method of any one of claims 15-18 for modulating the

function of a gene in a cell or an organism.

21. The use of claim 19 or 20, wherein the gene is associated with a

pathological condition.

22. The use of claim 21, wherein the gene is a pathogen-associated gene.
23. The use of claim 22, wherein the gene is a viral gene.

24. The use of claim 21, wherein the gene is a tumor-associated gene.



35. The use of claim34 for the analysis of gene expression profiles. 36.
The use of claim34 for a proteone analysis. 37. The use of any one of
claims 34-36 wherein an analysis of a variant or nutant form of tiheMd¥atiffet
protei n encoded by an exogeneous target nucleic acid is carried out. 37.
The use of claim37 for identifying fungtional domains of the target
protein. 39. The use of any one of claints 34-38 wherein a conparison of at

| east two cells or organisns is carried out selected from (i) a control

cell or control organismw thout target gene inhibition, (ii) a cell or
organismwith target gene inhibition and (iii) a cell or organismwth
target gene i i birhé onsgpldfscibmn g2l, v@RNenC ol g@imenisatano @ uby manuex asiaseus
target nucleic acid. .10. The use of any one of clainms 34-39 wherein the
anal ysi s conpri se8S¥FEASENEnal and/ or phenotypi c anal ysis. 31 MAY 2005

-64 41. Use of a cell of any one of clains 30-33 for preparative procedures.
42. The use of_ cl ghm 40 f(g.r Lhe i solation aof. proteins or. Br ot el E 'cortrpl exes
from eukar yot i%¢- cENPENaZTICR, LOMPASIHPN (FOR NS et REVYS GPART 6h 1875t HYTh

nol ecul ar wei ght pgboblerdtrareieap|RANvesSmotdcale nay aopt ioasalof ycleonms al 1l iInusideizc
acids. 44. The use _of any onge of clains 34-43 in a procedure for identifying
and/ or charact eri 2"MAg"D 'rcrﬁE%qu'Sf'cal agents. 45. A systemfor identifying
and/ or characterizing a pharmacol ogical agent acting on at | east one target
protein conprising: (a) a eukaryotic cell or a eukaryotic non-human organi sm

capabl e of  expr e3hi NG AloshRASH PIF bATGLIGRARICATIRGEA, sai d at |east one

28. The composition of claim 26 for therapeutic applications.
29. A eukaryotic cell or a eukaryotic non-human organism transfected with an

RNA molecule of claim 1.

30. A eukaryotic cell or a eukaryotic non-human organism exhibiting a target
gene-specific knockout phenotype wherein said cell or organism is
transfected with at least one double-stranded RNA molecule capable of
inhibiting the expression of an endogeneous target gene or with a DNA
encoding at least one double-stranded RNA molecule capable of inhibiting
the expression of at least one endogeneous target gene and wherein said
cell or organism is further transfected with at least one exogeneous target
nucleic acid coding for the target protein or a variant or mutated form
of the target protein, wherein said exogeneous target nucleic acid
differs from the endogeneous target gene on the nucleic acid level
such that the expression of the exogeneous target nucleic acid is
substantially less inhibited by the double stranded RNA molecule than

the expression of the endogeneous target gene.

31. The cell or organism of claim 30 which is a mammalian cell.



target protein, (b) at
inhibiting the expression of said at |east one endogeneous target DERRy 7@5“1
(c) a test substance or a collection of test substances wherein -
phar macol ogi cal properties of said test substance or said collection are to
be identified and/or characterized. 46. 6%he system of claim45 further

conprising: (d) at

| east one exogeneous

| east one doubl e-stranded RNA nol ecul e capabl e of

arget nucleic acid coding for the

target protein or a variant or nutated fromof the target protein wherein
sai d exogeneous target nucleic acid differs from the endogeneous target

gene on the nucleic acid | evel such that the expression of the exogeneous
target nucleic acid is
RNA nol ecul e t Ban t fibe eripoeosdamsrofof tchememhd ndpeaheis s huaegete!igene.

33.

34.

35.

36.

37.

37.

39.

40,

substantially less inhibited by the double stranded

The cell or organism of claim 30 wherein the exogeneous target
nucleic acid is fused to a further nucleic acid sequence encoding a

detectable peptide or polypeptide.

Use of the cell or organism of any of claims 30-33 for analytic

procedures.

The use of claim 34 for the analysis of gene expression profiles.

The use of claim 34 for a proteome analysis.

The use of any one of claims 34-36 wherein an analysis of a
variant or mutant form of the target protein encoded by an

exogeneous target nucleic acid is carried out.

The use of claim 37 for identifying functional domains of the target

protein.

The use of any one of claims 34-38 wherein a comparison of at

least two cells or organiskms is carried out selected from:

(M a control cell or control organism without target gene
inhibition,

(in) a cell or organism with target gene inhibition and

(iii) a cell or organism with target gene inhibition plus target
gene complementation by an exogeneous target nucleic

acid.

The use of any one of claims 34-39 wherein the analysis comprises a

functional and/or phenotypic analysis.



41.

42.

43.

44,

45,

46.
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Use of a cell of any one of claims 30-33 for preparative procedures.

The use of claim 40 for the isolation of proteins or protein complexes

from eukaryotic cells.

The use of claim 42 for the isolation of high molecular weight protein

complexes which may optionally contain nucleic acids.

The use of any one of claims 34-43 in a procedure for identifying

and/or characterizing pharmacological agents.

A system for identifying and/or characterizing a pharmacological

agent acting on at least one target protein comprising:

(a) a eukaryotic cell or a eukaryotic non-human organism capable of
expressing at least one target gene coding for said at least one
target protein,

(b) at least one double-stranded RNA molecule capable of inhibiting
the expression of said at least one endogeneous target gene, and

(c) a test substance or a collection of test substances wherein
pharmacological properties of said test substance or said

collection are to be identified and/or characterized.

The system of claim 45 further comprising:

(d) at least one exogeneous target nucleic acid coding for the target
protein or a variant or mutated from of the target
protein wherein said exogeneous target nucleic acid differs from
the endogeneous target gene on the nucleic acid level such that
the expression of the exogeneous target nucleic acid is
substantially less inhibited by the double stranded RNA

molecule than the expression of the endogeneous target gene.



