CRLNR kol TO5 Y YEHEIZRNAGEE
AZDICRIRTH D, ATPIRFFEIC, AED
FHEFARENTVRWEF—BIILoTITHOIRT
WAILEARSRASW, IRBIIEL TR, 2'K
Eedta, 2-FAF Y, 2-0-AFN, EFF 7,
2 P-FAFAFVL Iy, TI)TOELK
AFIRAFIVIZE A T HSIRNADFRIZIZIHED
727},9 7‘:16) ]9)_

IRbOY g YanNZORIIE W TREE
SN7-siRNADOHEEERME R, WAL MEEIz
BWwWTH, & MFEMBEROHeLa S M
WDin vitroDFH{ TEMFT S N7z, Hela S3ilAE
Tit, siRNAOE S OHIFHIE L, 20~2935%
FTIREVWIIIE®E2RLACLE, FXREOF
— NNV EET TRERICEES 2V
PSR, BV anYav i nafEeRE
1%-(‘3;) - tzo) *-22).

2% dsRNAZsIRNAICYOEY ¥
VU3 BER : Dicer

£ L7:siRNALZ I, B'FImE./ ) YELE RN
KEEMNEETLIIE, BLU, 3T 2EED
F—I =N IHHBZTEDPS, RNaseIATED
Futy ¥y EBoTWAI LARBEE i,
B, TOUEBEERYayYa v ZoERT
ElE&h, Dicerk &fHrohi®, HE¥, ¢ 1 »
ZBWTY, DicerdFREDFIZdsRNAZ 70+
v v X hAEEELTHE SN, Dicerid
RNasell 77 3 ) —I2/@ L, #IEEIIHRA, ¥ =
v Yg gz, il EE WABYLEEES
FLREMTRESRTEY, £YHBOHL LD
EELBEXIHoTWAZEHREINTWES,
Bz, Y uf R FX+-nyariaviz
Dicers=x® T # T#% 5DCL-1 (DICER-LIKE)
/EMB76/SIN1/SUSI/CAFOZEEMKIL, &, %
FOTRERIIEENRLNTWE®, /¥ T57
4w THA® T3, DicerRIAMFIZILMY
BWETHLIEIRENT S,

Dicer® iz TRE Y, HHA, v b, B
BTiz1o, vauPaunrT2o, Yu4ix
FZFTIE42REENT WS, HE D 5HDicer

12, FRFREPDIIELZoTWDS, FIZE, Vs
v NI T2HEEDBDicer ) 5,
DmDcr-1D&PAZ (PIWI/ARGONAUTE/
ZWILLE) #i% 4%, DmDer-200 ADExHA v
sA~) H—¥EEEDLD (M3a). %BT5&
512, ThooDicerid, FRhEFNAREL2D1RE%
BoTWBIBENHIIENRENTVD,
RNasellit, =4 375 Xvh o@i s TEL
BEISNTVWAMgKFN LY FIRR S LT
—¥Thh, BREEL L D) FY—-LRNAY
MRNADRI, oL EME5ELTwEY, Kk
B ORNasell iZRNasell $H38 (RO #i4%) &
dsRNA# &g {(dsRNA Binding Domain :
dsRBD : [©3a) »bm5, BLE25 kDO Y
FUERZLF—¥THE. BLOBAEEL
ERxfIBA LRSI E h ZREZBELY,
2 SORIMEEE BV TAsRNAZ I MINC 2 EHkzE
B L7115 OdsRNAL G EET 5. Thilx L,
b b DicerENE#H A SIEIT, ~YH— ¥ER,
PAZHEE® W, 2 DMRNasell#i (RNa, RI
b§IR), dsRBD#% -, 38X 2200 kDOFEHI
KB DORNasell TH A2 (B 3a). dsRNAZ
Diceri2 & 0, R#B#»521EHE0SRNAIZSH
BB, 200142, BEFHMTE Aquifex aeoli-
cus®RNasell (Aa-RNasell) @X#Ri5&aHEE0
B8y s, RNaselHABOFEEFLT I /B
HEEENTWAEY, FIhoBonERICE
ST, Fillipowiczbit, REEEH.OTF I /B
lEREANSE FDicer2ED I L7, 3FRumiZ
2t A L DdsRNAZEHE LB S,
dsRNA RIla, REbHEBICER T AL DL E
hFEhIE 7oy Py, sI7o Ly 7
DHafThNR kol b, Diceriz k3

dsRNAZI OB L, RIa, biURABET

RNaselElE# b2 Z 2L Mk - 723, #1H
DOETIZ, PAZEBEZEL THOPAZ#IET
o % 2 H (ARGONAUTE7 73V -—) &
MEEBL, 22 L7 —-¥Y¥#HEHK
(RNA-induced silencing complex . RISC) DiE
MEBRETLEER LR TWAY, RITOFREL
L2k, PAZSERIZ—HRERNAS L A

12— BNAIDXAZXL 19
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a)  paRNassl

HsDicer

DmDecr-1

DmDcr-2

b)

GEXED DicerlZ & B dsRNAZZE D EFIVE

a) BIF2LM A RNasel (Aa-RNasell), ¥ b+ (HsDicer), ¥ =% ¥ =a%/ZDicer (DmDer-1,
DmDer-2) # 232 HoffiE, HelC, HelDizFhFhCAY A—YiEE, DExHAY) H— VY5 s

Y

b} & tDicer& dsSRNADREEMR. PAZHIRILASRNADI K #MLEESNL. ROaLRIbIM
LEALLFE-—N - vy PEIBKMHEERRICED, RSN EL00Twa (TH30,
33). dsRNAHBVIINT ¥ Y BIRNAR, ZOMBEM P SMI2IEET> 70ty Yy 8T

v g

RNABEREEZ LB 7%, 825 (sRNADI'H
W2 EEREEEETIRLTEELTwAZ &Mt
FIEX T VLY B DD (F3p),

= RNAIICIES 3 2 O0EET
FIZT A8 H ¥ (Neurospora crassay, #H
(Caenorhabditis elegans), ¥ 24 X+ X+
(Arabidopsis thaliana) TRNAISIEMR S0
Ty MARBROo» D, METIRETFD
HERESNTE TV A, RNAICMbLEZEEZTFIC
EREEAEBEEAR SN, B]IE, Dicer, PAZ
BIEEL DY YN EEIL LD, RNAKENIRNA
FNAZ—+ (RdRp) , RNAAY #—-H, 3, 5'-
IFVRZ VT —HEAEEENT WA,
avPao NI, PAZIAE LD oty
HAHFRISCIZEZNA2H DL LTEZESR, ARG

20 tide] RNAIRRTORI—IL

ONAUTE-2: &ftiT o2, a3 Ugman
Zi%, AGO-1 (ARGONAUTE), AGO-2, PIW],
AUBERGINE/STING®, 47 &8 4 2DARG
ONAUTEZ 73— IlEBET A7 v 2 8% 4
TEY, ThENRBEEBRBIIBVWTHERICEEL
ZE|E R LTwaA, AGO-20FTEo iz oq
2+ XFPTAGO-1, 7H/8 ¥ TQDE-2
(QUELLING DEFECT), # #® TI|2RDE-1
(RNAi DEFECTIVE) T& 9, #h+Fhn/ v
777 PMEFEERNAIZREZWI EAbhoT
WaHY ZOAGOY YN HICELTIE G
TEICELRY, RETADL LA wt, s
AEEMARLTLHNTHL. |
RdRpid, —&# (single-stranded : ss) RNA

P HdsRNAZEL DL ELBETH Y, Bl

EGO-1, TH1 A ¥QDE-1, yu4 X+ X+



B GlEEy

I T H . \ F
: _ HA LT TFNT k

= TS :

e | g

ﬁ% S Dicer E

S B

e %

Dicer-like ? / ¢
RdRp ?
e RISC AGO-2
RNAAU HZ—E?

FE2ImRNA

Pl '

AL T TFN7

IZEIMRNAD 4 43 %

EEBD RNAZIS LBID 5 2 NV EDEFIVE .
WA SRS NI, B30 RMBNTIES 5 W dsRNARFIRE9IZ, mRNAAS
MEND, BERETBM. SRNARFSROZNERO, ARAIHY2ERED 6
~OEEEHE, 55T OEEREZ I HEo 8 ) EbbaToRY

SGS-2 (SUPPRESSOR of GENE SILENCING) .

/SDE-1 (SILENCING DREFECTIVE) #*R2#%2
Tw 3. RNANIZIZ, RNAD LOHFRLRNAOE
BRLETHLI EMREEN, TS LT
ORtE, HBULEELSHERLTEZZIONT
WA, fmm . HMIZEWT, RdRpliz Lo T
SiRNA%# 75 4 =% LTHEMAMRNAIZNT 7
vVl v ARNABE - ICaR s h, T0ME,
72 siRNAMBES WL Z EFHREINTVS
(®4) & ~®, —K Yavdaysz, WL
Ml BV Tid, RARpFRER 734/ AIIHE
LiwnwzZ &4, RARpD 7SI A4 = — L bdilid
PEMOKBESNLETH S, sIRNADI KNGO
PSR IERNANC BB A v 219 ~20 SRl ik %)
M, 2 WEHFS T, siRNAIZ L 2HEEImRNA

OEEFHATIL 1 T TH B I Lk EhplY ~8 0
BELLIOMBBERTEL2WEZZLLND,
RNAANY & —=¥iE, RNAD RN E L M B
EThHY, dsRNAZHEDER TssRNAIZT S
DIZVETHLEEDNLY, ERIIEDERET
BWTWAONIIEE S TR VY, #HEDRH-1
(DICER RELATED HELICASE), DRH-2%,
MUT-14 (MUTATOR) *7, SMG-2, ¥ 1A X
3 Z+SDE-3, T#H/iy# YQDE-3, Bk
2 5 3 FEF+ R (Chlamydomonas Reinhardtii)
MUT-6, ¥3% ¥ a9/8xDmp68 AR 2% o
Twa, MUT-6RIEHTIE, P77 VARV YH
WEORELRNAOERMRE b, MUT-6ERNA
SRS AORTESE LTS EEbNID,
RNAIDEWENERENL, P ARY Y, &

VE-B RNAIOXAHAZAL 21



BIZTANWA, ANV AL FLENLD, HEL
NUVTOFEHBETHA VDR TWA D ¥, |
ROMBIZTFIE, RNAL, M7 ARV DL,
FRREOBMAIILETHIA, REDEZ S,
EOEMIIBNTLELLAETF, Sy N
sERLtOHEERB2LYOF -2 iiHioTES
T, B &D LAETFLVERTILIITE TV
Y,

% RISCiE2E & DESH LsIANA

RISCid, RNAIDLIETEMEEH ) siRNA-% > /3
PEMEERTH Y, BfHannon® 7 VL — Tl &
2T, YauVawnzHBPEBRLS2
(Schneider 2) MARIHEH A SHFR I, £
N ik, b bR B VT,
RISCOER & » 787 5, & A\ ZRISCEMHEE
A3 550 8D, BROTV—-TI2E>TH
HENTwB, LT, siRNAORFISFRAY 2 THT
&Y A RISCIEME, RISCIEMZ b 2B &K% RISC
EnIH I EIZTA.

Hannon® 7V — 7, #500 kDORISCH 6,
SDS-PAGET Y » 37 BNV FRUHHL, HE
SEEHZTA I EIZX D, RISCOMER S ¥ /87
HE LT130 kDD AGO-2, 80 kDD dFMRI
(FRAGILEXMENTAL RETARDATION), # X
#60 kDD VIG (VASA INTRONIC GENE) % [F
L2, REELRI L, BICBWTIRNAIL
IPETHIZEEEEIN Ty ardadynin
AGO-112%, SIRISCHEMZ RS 2421250 kDO
EFETICEELRLY, BAROERLO V=T
b, S2HBRRIMEHAFOIFMRI & HEEEE T
B8 7 BT, AGO2, Dmp68AY A —EME
INTVWAIELEEHRELAL®., Zo5 %, Dmpss
ERNAIBRIIEEE Lo ThwaA I AR ENT,
F 7:, dFMR1iE, RNAUZIZLETIZ 2 WD,
AGO?2, DicerL fBEARR T 5 Z L AVR E N 7598,

ZamoreM VN —TilLoTvavrVaunx
ORI S5 E S /2RISCIHX, Hannon® &
W=7 DH|EINPE D TH oz, siRNAIZ,
Te#l, dsRNADIKEET360 kDORNER &k
THEL, siRNAD AL O —KE~DEEREIC

Sag gL,

22 t2E] RNAIEERTORI—I

o, 230 kDAT OEMRRISCHER Sh 2
ERELTWE®, LyLl, ZoOEHERISCE,
HEBRETIE»ORISCHRER» SR NN THE
ENLDOTHHEREM I H 257 2,

T &, RISCOFBEEGENFMICHES
iz, Wangb @/ —71, vavdarnixn
SofifafE it & vy TRV AsRNAD HsiRNA % &
BT BiESEE SOESEMEL, BLF190 kDO
DCR-2&36 kDOMARDE-4R TRy ¥ VN2 K
R2D2% 58t L 723, R2D2ZERIEIZDCR-212L 2
FEWVWdsRNAD & DsiRNAS I BEY S A
Mofzh, RNAIZRIT I ENTE Lo,
Z D%, Zamore® ¥ NV —7, Carthewt
Sontheimer?d ¥ V— 72X 0, & 6IZFEM R
Dl ENF 0 AT X L72siRNA %
YauYav ARl TAEL, Sy
FPykA BTl A, RESORLEL 3D
UEDF 7 B-siRNAESEITER S i,
RNAIIRERE R Wder-2 ERE» GFE L 72
RS T, ChooEEEOBERELR
irofs, BERBZEEIG, NEREEHKDS
EREREEERIBRENT VA LAVRIES R
72 g, TR#siRNA% &L RISCER %
RS % WDCR-2/R2D2/siRNAM &AL 3 1,
BEF OB TDCR-1, ARGONAUTEY » /32 %
ARMITAGE & AUBERGINE % & % - L5 3 &0
BARAYIC—ASHSIRNA# L it R IBOSO K &
LRISCHFER XN 2%, ZORISCESIZIE,
DCR-2, R2D2% &¥rAGO2, dFXR, TSN, VIG
BEDINTTHRESNTOAEFNEETAC
EARENL®, L L, RISCESIZIZsiRNAD
OWBENIETRTOEAENEETNLLEERLS
N0, s OEFHRISCUAOEESEDOR
FTHHUERIITFETS.

MEELEM MR BT, Tuschl® b —742

1, FRREALEE R X ARISCOREA

fTlebiiz. Hela S3HERMMY T, sIRNAD3I
FEEAEAFOTIANL, AMLTIPEY Y
# T LIZE o TsIRNAMHEERA LTV AHEEHE

CEEMR, BRLEZA, RISCIZB L £160 kD

DOEFIZEEL:. SORNRISCOME & v 47



Ho—BHrFEsh, &H1249100 kDDelF2C]
(EUKARYOTIC INITIATION EACTOR),
elF2C2/GERpY5 ( GOLGI ENDOPLASMIC
RETICULUM) T 72, elF2C2, elF2Clid
LBz an Yaw Nz AGO-2FREQR S THY,
PAZSEB EPIWIFB A b oo & 2 RBET S
ARGONAUTE# ¥ 12 E7 7 3 ) —IZB T,
HRmBATFE I BMERRL, Z0OF ¥ N7
BioroTid, BIRRRES L EVWEZZONT
WaOTH R MREeIF2C], elF2C2% #hEh
hAGO1, hAGO2LIERS, #iZ, hAGO20EFE
NTWAETOARISCEREEZL DI EATRENT
VW38 ZFORISCIZIE T AMSIRNATIE 22 { — &
BRNADMEEINT W, —RHEOSHHA) VBE
L8N 7219~20EEDT ¥ F £ ¥ ARNAEZ, TH
D& T HRISCIZIR D 32 % M, RISCIEE % BB
TE LI LHRINAY,

RISCEHERL 7 v /82 HORIEIZDWTIE, 72
H#idtE— ST wnizw, RISCIZ 1 HEETIE 4 <,
B AAMSRNAR#E L7z, RISCEREZ O
AavE—-rrbl, HEATS IS 2ERZ
FETA2RODT2EHF)—F 0B LS
TwaohrdLhhwy, REHELI LI, &/
RISCHHIBENTVWAD I hrb 6T, wih
DHE BT LT OYMEEOFRMAE (Slicer)
BEIZEERhTWiador, T, ZOHESY V8
EIZLSlicerb LER LT —FRBESAT
Wwihhot, ViR, ZOSlceriiR SRR S
NTWREWHERLZ S V17, HHVIEESHET
22, ChEITHIFSNETFORIIEETS
ZEMRBENI. UTIZ, Z@SlicerizownT
DERELZMNREZHHET S,

»= RISCIHIEDFIFIE ?

Scienceitiz, MBiFEL M B Pyrococcus furious
DHARGONAUTE Y » /82 ¥ (PIAGD) OXisE
SHGEMRSME S, ZoERI, PAZH
W, PIWISEBO I hE CabiLTwid o8
el ikgl R L, T ASlicerdFEILELLD
THhoi:.

PfAGOIX, NH#¥g, PAZ#E, FTEESMH,

PIWISEB LA (B5a). NRME, o HEEHE,
PIWIHSUIZ =B AR & D, B &9 LPIWI
oL ICPAZEEMAEBE LA (B5b).
PEAGODPAZEMIE, 7 3 /EEEIEHRI LI
PAZSEE TH A ERBETE o7, I
THFEhAa P av i AGOL AGOZ,
hAGOIDPAZH L HENIIEL Y -7, T
IZSiRNAD2 G =S =NV F I ET A B HFRN
HOMBNELLBEENLTW 2 L0 H, RNAD
FHEIMIESETET A LR SN/ Bl
Z k2, PIWISHB O = RH%xE L, RNase HIZEE
f8,LTwv7:. RNase HiZ, RNA-DNAZEH®D
RNARI%E, 55k ~EREE, IHRMABEL D
RNAVYINI T+ AMg KBS Y FIRR 7 LT
—HFELTHONT WS, PIAGODPAZBEE SO
NERFRIIAT T, +IIHRLREIROLN
7z, ik, VUEBEEHLWIEZZ-0HIZES
T B LARNAOEEZSGRUTHELER
Lt FITHEGIE, hAGO1DHSHERT S
5T 2N/ PIAGOLIDSiRNA DI H ik & 1L
#EEL, 2o TAsSRNAZS AL Ty
o7z, §5% &, PIWI/RNase HFEBOEHEALIZ
tr ) ESiIRNAOSRE P H11~12BED L LA
W2fri@ L7 (X 5b%KER).

WG IRAT A S HEN S A PIAGOD B H I,
RISCOMH LS L OHHST—8T 5. RISCE
RNA-RNAZHHHD—HDORNAZ T2 L9
EOHHBELOD, TOYEENILLIE DS K
Y U ERk, YRWBAKEEEZ L ORNATH B,
RISCIEfE Mg EFEHTH NS, ALk
12siRNAD B k9 EEABEST TRIRNA 2 U
+4. 72, RISCHEWRLEEENILIE, FlS
7 { ARGONAUTEY® ¥ 7 H i s T b,

Joshua-Tor & Hannon® 7" )V — 713, PIAGO#»
LIELNAEME D &0, THILE AL TARG
ONAUTEZSlicerTh B v Rz BFiF 5 &
I F—F ERMEL®, E6i, Ago2/ v 7
T bR A HsiRNAIL L o TRNAIRRET 2
TwviAgo2/ v 2 7o (Ago2™7) =7 AR
F#F (mouse embryo fibroblast : MEF) #:%
B L7-. Ago2 ' "MEFIZhAGO2REATA L

1E-8 RNAIDAANZZL 23
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AR L7 iz, MEICBVTRDE-112,
RISCOBHREZETHALIZ EMRIESATEY, 2
DERMIERNAIFEZ S 20 e N Ty
727 rde-lDFR T U FIZEHRO S S 4 Eiz23E
HEV, TNOLDOBBERNAUIL DIEIT 2 &,
alg-1, alg-2 (Argonaute like genes) 23544z
MbbREAMER L. alg-1, alg-2 DRNAi
Tid, lin-4 mRNAATOER OREREORETE
L, let-7 stRNAOBXRAP LT E 2 b,
stRNAD 7Ok v ¥ FH B vIdRERICES+
AEFTHLIEIURBENS. LEL, ¥b5
DEEFORNAUIZHEES 5 2 o 10,
RNAIDFERE & sStRNAD L BROFHRIZBNT,
Dicer® & 5 iZ34@3 52 HF &, ALG-1, ALG-2
D& ITSHRNADEBERNIZBE L TW3ET
PIEET B I EIEFERICREEN., BAED L I 5,
TOMRGEOFE L BBIZE L A LRSS TE
o SHOFMLRIENFIn5,

e RITEDSIRNA/MIRNAT 7 S U—
193FE LR ENLBUOINELZRNATS B
in-41z, MEUHDEY TREIRTVE I Lt
ELEROONL 27270, FOHD, 0L
NERNADTFHEIRIZEALRBIENT A,
Z DRI, 2000 IZER KN 2 DBHOstRNA
TdHhblet-7%, BETBLIUFORRA Y-k
VIR IILEEEYHTRESATYS LS
FERIZL o T—ZELAL® ™, 2001£10812, 32
DT NV—THEREIL, YavYagz, B,
BT, hRTIZIZI00HE D21 ~2285 20/
SHERNA7 73— EETAI L L BE L.
ITNH5DNAESVRNAKE, stRNALFUHE®
RNATRSH DD, ¥ TOBEDOHEAERNS
RNATWRZWEEZ ORDOT, microRNA
(mMiIRNA)} & BT 6727 50 (2 5-13- 6 BER),

miRNAIZHBIEITH 2 DI, RIERARNA L &

AONBEIIOZREBEFNETEE, TRT
dsRNATEB AR SO AF AN —Tigs L 22 kT
H5H (F7a). miRNAIZ, B3F5 {dsRNAIZER
WEND I XTI LRETFRRAEH LI, &
EWOIAT v Fo 8L L IHEE b -8+

26 eE] RNAIERZO I

~BEEEDORVIRAERNAL LTES S,
Dicertl& o T7uX v ¥ ry3h5s, BiETIE,
DL EmMRNAO ZRIEEDIEEM &, K
ZEYTRESNTVAL VI REN D L IZEA%R
SNIEmIRNAFR 70252100 TEC O
mMIiRNADFREDFFR S h, TLEBWIIZOHE
EAFER SN TWDS, Thbolideo X, B, @
B, ¥7574vYa, YasTawRriimE
INn, ILHERESH TV S mIRNABRETFIE,
200l ERRHRAT VA~ v hizBnT
miRNADHYIE, SRETFOBLE1%575
200~250R R & v ) FIlAEE S hTwa,
miRNAIZ, lin-4, let-7D & H 125 EOREGR
WIZERTHI0ICMA, HBERNICEET 2
Lo, EEMIIRRAT2bo0L, ST X34
BHEAVBRONZEDE, KiittEGBEE TN
BLTwaEEi RT3,

t P OmiRNAREEIZOWT, wiohnl
PHLPE 2 -2Twd, miRNAR, BEItLo
TRHBEEOMIRNAZ &L EVWRNA (primary
miRNA ! pri-miRNA) & LTiEEXh A (K 7a).
pri-miRNAIZ, #M CTDrosha & I#iZN 2 RNase [I
T7rIV—BTAERIC LT, 70RO
NTYEYBIRNA (pre-miRNA) 12 hY 3 v & x
na%, zofh, ~7TEUVERNABEMSXETF
Exportin-SIZ#& L, fERE~LE]RE N9 ~%,
i M pre-miRNAIZ, Diceriz k-T2l %0
MIRNAZERIZYITF S %, miRNPEIEITH
27 7 HEEWMICHID AT R, BFL R
THETLILN Lo THREFERAAST 5
(F7a). Dreyfuss®D o/ A —7I2k T, k& b
Hela S3Mlfaftimi¥ S &K S L7 miRNPIZIEE
ELCDHEOMIRNAZ &, +09 b40iELE
DEFIAEE SNz, T, miRNPOER & &3
7HE LT, hAGO2, 105 kD?WGEMIN3, 120
kDOGEMIN4ALE & 2 728, GEMINS,
GEMIN4iE, GEMIN2, 4, 5k X &4z, HREE
LMIEOREAY 732 ESMN (SURVIVAL of
MOTOR NEURON) &SMN#&HEZERTZ
EAMONTWB, #I2, RISCH, hAGO2,

" GEMIN3, GEMIN4 & it 35 & L at#is 2 h 7%,



2)

" pri-miRNA

5 polyA 3°

D(ds.ha P
. 5P e
premiRNA o 26 Erporin ST

miRNA

mANAGIHR PR

4 Co  UCCCUGACCUC---AAGUGUGA "
miR-237_Ce  UCCCUGAAUUCUCGAACAGC--
miR-125a_Mm UCCCUGACCCUUUAACCUGUG-

let-7_Ce UGAGGUAGUAGGUUGUA~-UAGUU-
miR-48_Ce UGAGGUAGGCUCAG-UAGRU-GCGA
miR-84_Ce  UGAGGUAGUAUGUAAUA--UUGUA-
let7a_Mm UGAGGUAGUAGGUUGUA~-UAGUU-
miR-1_Ce UGGAAUGUAAAGAAGUAUGUA~
miR-256_Cs UGGAAUGCAUAGAAGACUGUA-
miR-1b_Mm  UGGAAUGUAAAGAAGUAUGUAA
miR-206_Mm  UGGAARUGUAAGGAAGUGUGUGG
miR-1_0m UGGAAUGUAARGARGUAUGGAG .

ﬂsmNNmmNN77£U—t%®ﬁ%®%F»E

a) B FmiRNA#ZEOEFIVE. 70 IR O dsRNA FiB % & TrstRNA/miRNATTER {4 (Pre-miRNA)

6, Dicertl X o T — AP OstRNA/mIRNAIZ 7Ly ¥ ¥ ¥ END,

stRNA/miRNA A O E

A, FHRMITEENS, MIRNARISCHOmMIRNPICI AT NB EF L LN, FER e 1

R FFEOPIIE T
b) stRNA/miRNA¥ 777 31—,

105 & H B & RE)

RISC & miRNPHR~1TH L7 E D i E 2
LT VA, Salkivn{ohnari—%
yMNERBELTWAEEZONS, KR, YO
MBRNANSE L IR IZHFEOmRNART! &8
BMTHY, FOmRNARBIRBETIE2
SiIRNA & F#OH R CIEMmRNARY £ BT &
By EIRE L 7™ 10 (@ 7a). MEELEMDERE TR
B 2ARBOmIRNAIRIZEAEREINTY
Rt A %Ky 2 ARIEF HoxB8 L miR-196
ORZETmIRNAIZ X LYHAMFEENR TV A1,
g, Sl e —8iz, RISC& 5 W IIRISC.
HOEaEIIHNRERE I LERBEL TS,

MiRNADE RO KIEA AL & 2 ~ 8 RED
Mk, TR Lo THEED L VIHFENEILS
WTMIRNAH 77 7 3 —HERENTBEY,
EWBEFOMNICTERZBEZLTVWALER
ENTWVAL (®7b). BE, 7THRF-VA, B

I LT\ AEE, T y/EY 3 SyTRFEIRTY
L%, RAREEIhTwRVLETF. Ce:

@i, Mm: <% X, Dm: ¥avPaysix (R

REfCS, SEmAROSL, MEEDITIRE, EOF
B, TEOFREFORMEER ES L DEYRR
AmiRNAIZ L o THI S W T w3 I E2HE S

.nf“\z‘)m:ﬁ)-

BE, b4 pARI—FIRTWVD
MiRNAYY, #ETmiRNAD L HIATE VI
Bk G20~ 213EORNADRE R S,
A& 2 dsRNADEER T L F TR b #iEiEo
LA ERTAHLMESHTVE. ThHD
ANEGRNASERICEZET, Y0 L) 2ERR
Szl boTWVA0D, $HROMEDERIRF
aNnb.

=1 RNAIDEYRIEE — 01
FEYOIMRNAD A )L AR vs. RNA
DA WADIY AL VoY TS
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Summary

Discovering the molecular mechanisms that regulate
neurcn-specific gene expression remains a central
challenge for CNS research. Here, we report that
small, noncoding double-stranded {ds) RNAs play a
critical role in mediating neuronal differentiation. The
sequence defined by this dsRNA is NRSE/RE1, which
is recognized by NRSF/REST, known primarily as a
negative transcriptional regulator that restricts neu-
ronal gene expression to neurons. The NRSE dsRNA
can trigger gene expression of neuron-specific genes
through interaction with NRSF/REST transcriptional
machinery, resulting in the transition from neurai stem
cells with neuron-specific genes silenced by NRSF/
REST into cells with neuronal identity that can express
neuronal genes. The mechanism of action appears
to be mediated through a dsRNA/protein interaction,
rather than through siRNA or miRNA. The discovery
of small modulatory dsRNAs (smRNAs) extends the
important contribution of noncoding RNAs as key reg-
ulators of cell behavior at both transcriptional and
posttranscriptional levels.

Introduction

The expression of cell type-specific differentiation
genes is thought to depend on both positive and nega-
tive gene expression controls, which are implemented
throughout the developmental history of cells. Numer-
ous genetic studies provide evidence that cell type-
specific gene expression activators and repressors are
essential components of the process, In addition to the
conventional transcription machinery, gene expression
control by small nencoding RNAs, at the posttranscrip-
tional level, appears to be essential {Eddy, 2001; Fire

*Correspondence: gage@salk.edu

et al., 1998; Pasquinelli, 2002). Base complementarity
allows very small noncoding RNAs to be sequence-spe-
cific, and since they act both in cis and trans, their
potential functional roles at specific regulatory stages
can be expanded. Noncoding RNA genes, which pro-
duce transcripts, can function directly as structural, ca-
talytic, or regulatory RNAs, rather than as expressed
mRNAs that encode proteins. Recently, several groups
have carried out systematic noncoding RNA gene identi-
fication screens (Dostie et al., 2003; Lau et al., 2001;
Lee and Ambros, 2001). Studies indicate that the preva-
lence of noncoding RNA genes has indeed been under-
estimated, Plants, flies, worms, mice, and humans all
harbor significant numbers of small RNAs that are likely
to play regulatory roles. Although most of the identified
noncoding RNAs have unknown functions, their se-
quences are typically conserved among different spe-
cies, and many have intriguing expression patterns in
different tissues or stages of development, Therefore,
noncoding RNAs may have a general role in modulating
gene expression in many aspects of development, such
as tissue-specific patterning and cell fate specification.
The regulatory mechanisms of gene expression,
which determine cell fates giving rise to each lineage,
remain largely unknown. Cell fate decisions might in-
volve the regulatory activities of noncoding RNAs. To
examine whether noncoding RNAs contribute to cell fate
specification of adult neural stem cells, we isolated
small, noncoding RNAs from adutt hippocampal neural
stem cells during lineage-specific differentiation. To
identify possible target nuclelc acids, public database
searches were used for genomic sequences. Among the
large number of small noncoding RNAs that appeared,
one unique sequence emerged from the “neurogenesis”
noncoding RNA pools. This sequence defined the NRSE/
RET (neuron restrictive silencer element), which is rec-
ognized by the NRSF/REST transcriptional regulator
(Chong et al., 19985; Schoenherr and Anderson, 1995).
In the CNS, neuronal restricted silencing factor/RE-1
silencing transeription factor (NRSF/REST) plays a criti-
cal role as a key transcriptional repressor for neuron-
specific genes in nonneuronal cells (Chen et al,, 1998;
Huang et al., 1999; Palm et al., 1998; Schoenherr et al.,
1996). NRSF/REST is a krlippel family zinc finger protein
and binds specifically to a 21- to 23-base pair {bp) con-
served DNA response element (NRSE/RET), NRSE/RE?
sequences are encoded within a broad range of genes
involved in neuronal development and function, inctud-
ing ion channels, neurotransmitter receptors and their
synthesizing enzymes, receptor-associated factors,
neurotrophins, synaptic vesicle proteins, growth-asso-
clated and cytoskeletal and adhesion molecule factors
involved in axonal guidance, transport machinery, tran-
scription factors, and cofactors, The consensus NRSE/
RET sequence is conserved hetween Xenopus, mouse,
rat, chicken, sheep, and human. NRSF/REST mediates
transcriptional repression through the association of the
N-terminal repressor domain with the mSin3/histone de-
acetylase-1/2 (HDAC1/2) complex and through the asso-
ciation of C-termina! repressor domain with the CoREST
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complex (by recruitment of MeCP2 or HDACs) (Huang
et al., 1999; Lunyak et al., 2002; Naruse et al,, 1999).
In this work, we report that the identified, nonceding
RNA-containing NRSE sequence forms double-stranded
RNA (dsRNA) in lengths of about 20 bp, and that the
NRSE dsRNA activates expression of NRSE/RET-con-
taining genes during an early stage of neurogenesis.
The NRSE dsRNA modulates the NRSE/RET DNA-NRSF/
REST protein machinery to switch neuronal gene ex-
pression from arepressed statein stem cellstoan active
state in early neurons, The NRSE dsRNA is necessary
and sufficient to direct multipotent neural stem cells
specifically down a neuronal lineage, suggesting it can
function as an endogenous inducer of neuronal differen-
tiation. The apparent gene activation effects of the NASE
dsRNA clearly distinguish it from the gene silencing ef-
fects of cellular miRNA/sIRNAs and suggest a novel
function for noncoding RNAs at a transcriptional level.

Results

Identification of a Neuron-Specific, Small

Noncoding RNA from Adult Hippocampal

Neural Stem Cells )

To investigate the role of small, noncoding RNAs in the
differentiation of neural stem cells, 20- to 40-nucleotide
(nt) RNAs were cloned from total RNA extracted from
adult hippocampal neural stem cells (HCN-A94; Gage
et al., 1995}, We obtained more than 50 unknown non-
coding RNAs and decided to focus on one RNA se-
quence that contained a match to the 21 nt NRSE/RET
DNA sequence in the antisense orientation (asNASE;
Supplementat Figure S1 available at httpi//www.cell,
com/cgi/content/full/116/6/779/DC1). The NRSE/RE1
sequenca is usually localized within promoter regions of
neuron-specific genes and is recognized by the NRSF/
REST protein to restrict neuron-specific gene expres-
sion; however, the function of a DNA element within an
RNA sequence is unclear.

Northern analyses revealed an asNRSE RNA corre-
sponding to about 20 nt in length within the neuronal
population (cells treated with 1 pM retinoic acid [RA]
and 5 uM forskolin [FSK] for 4 days). Surprisingly, our
control probe for sense-strand revealed an ~20 ntsense
NRSE RNA {sNRSE) within the same neuronal population
(Figure 1A, probe for sense) suggesting that these RNAs
might exist as double-stranded forms within the cell.
Low amounts of both sense and antisense RNAs could
also be detected within the progenitor population, but
the expression levels in the neuronal population were
much higher relative to the progenitor population. The
expression of low levels of both RNAs within the progen-
itor cultures could be due to the presence of some celis
already committed to specific lineages. Nevertheless,
we could not detect any NRSE RNAs within an astro-
cyte population.

To determine which neuronal stages express the
dsRNA, a time-course Northern blot analysis was per-
formed after neuronal induction. Cells at 2 and 4 days
after Induction of neura! differentiation (RA+FSK) con-
tained the highest amounts of the NRSE dsRNA; as
maturation proceeded, the levels of the NRSE dsRANA
apparently decreased (Figure 1B). These data show that

the NRSE dsHANA appeared at an eérly stage of neuro--
genesis rather than at more mature stages.

Neuronal Lineage Induction by the NRSE dsRNA

To determine the function of the NRSE dsRNA, we ex-
pressed them in HCN-A94 cells. We made lentiviral vec-
tors with U6 promoter-driven SNRSE, asNRSE and NRSE
dsRNA expression cassettes. After infecting progenitor
cells with virus, cells were maintained without FGF-2 for
4 days. In control infections (lentivirus with an empty
UG cassette), we did not observe any obvious effects
on cell morphology {Figure 2A). Expression of single
sNRSE or asNRSE RNA alone also had no obvious ef-
fects (Figure 2A}). However, when we introduced both
SNRSE and asNRSE RNA together, significant morpho-
logical changes were observed (Figure 2A). These cells
extended processes indicative of differentiation and
some cells made large but flat clusters with long pro-
cesses. '

We next performed immunocytochemistry with mark-
ers of various differentiated neural lineages. introduction
of NASE dsRNA in progenitor cultures resulted in in-
creased immunocytochemical staining of neuron-spe-
cific markers, including Blli-tubulin {TUJ1), NF200, and
calbindin (Figure 2B). Cells containing the NRSE dsRNA
were completely negative for the astrocyte marker GFAP
and oligodendrocyte marker RIP (Figure 2B).

Quantitative Analysis of NRSE dsRNA Activity as

an Endogencus Inducer of Neuronal Differentiation
We next assessed the effects of noncoding NRSE
dsRNA, both in progenitor cultures and during lineage-
specific differentiation with reporter constructs. Stage-
specific promoter-based reporter assays allowed us to
quantify the activity of NRSE dsRNAs comparatively.

We used a Sox2 promoter-driven luciferase construct
as an undifferentiated neural progenitor-specific re-
porter construct. Luciferase values from cells 4 days
after mock virus (control) infection were set as 100%
{Figure 2C; theimmunostaining is also shown in the right
image). No obvious difference was observed for sNRSE
RNA and asNRSE RNA: however, there was a significant
decrease in luciferase activity in cells infected with
NRSE dsRNA.

A Blll-tubulin (TUJ1) promoter-driven luciferase con-
struct was used for the neuron-specific reporter con-
struct. RNA-expressing virus-infected progenitor cells
were cultured in 1 1M RA and 5 pM FSK for 4 days. The

luciferase activity increased more than 4 times when

compared with the activity in the progenitor culture {data
not shown). Many cells stained positive for TUJ1 {control
with mock virus infection; Figure 2C}; therefore, the lucif-
erase value of the cell at this time point was taken as
100%. Expression of either sNRSE RNA or asNRSE RNA
alone had no obvious effects on neuronal differentiatiorn.
In contrast, the NRSE dsRNA specifically increased the
TUJ promoter-luciferase activity more than 2 times rel-
ative to control.

The GFAP and MBP promoters were prepared as
lineage-specific luciferase assays for astrocyte and

. oligodendrocyte differentiation, respectively. To induce

astrocyte differentiation, cells were treated with a combi-
nation of 50 ng/ml BMP-2, 50 ng/ml LIF and 1% FCS.
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Figure 1. Identification of NRSE dsRNA from Adult Hippocampal Neuronal Cells
(A) Northemn blot analysis of NRSE dsRNA. Both asNMRSE and sNRSE RNA corresponding to approximately 20 nt in length exist in the

neuronal population.

(B) Time-course Northern blot analysis after RA/FSK induction. Cells 2 and 4 days after induction of neural differentiation contain the highest
amounts of the NRSE dsRNA, suggesting that NRSE dsRNA appears at an early stage of neurogenesis.

Four days later, the GFAP-luciferase activity increased
more than 5-fold when compared with the activity in the
progenitor culture (data not shown). To induce oligoden-
drocyte differentiation, FGF2 withdrawal of progenitor
cultures results in some spontaneous differentiation,
Two days later, the MBP-luciferase activity increased
more than 3-fold when compared with the activity in
progenitor cultures. We did not detect any obvious dif-
ferences in the cases where sNRSE RNA and asNRSE
RNA were expressed during astrocyte or oligodendro-
cyte differentiation. However, significant decreases in
luciferase activity were detected when the NRSE dsRNA
was introduced under each differentiation condition.
Furthermore, NRSE dsRNA-expressing virus-infected
cells that remained under each differentiation condition
appeared to be neurons (TUJ1 positive, data not shown).

Increased Expression of Neuron-Specific Genes
Containing NRSE/RET by the NRSE dsRNA

To investigate the mechanism of action of the NRSE
dsRNA, we first considered whether the NRSE dsRNA
might function as a miRNA/sIRNA. It has been discov-
ered that miRNA/sIRNAs exist as 21-25 nt dsRNAs and
target cellular mRNAs in a complementary fashion, lead-

ing to a process of posttranscriptional gene silencing
(Hutvagner et al., 2001; Pasquinelli, 2002),

Figure 2 demonstrates that neuronal lineage induction
is one of the major etfects of the NRSE dsRNA. If the
NRSE dsRNA mediated the silencing of the NRSF/REST
gene itself by a miRNA/siRNA-like function and if NRSF/
REST functions as a repressor of neuronal gene expres-
sion, the repression of neuron-specific genes may be
eliminated, resulting in neuronal lineage induction. How-
ever, there is no apparent NRSE sequence within the
NRSF/REST mRNA, making it an unlikely target of the
NRSE dsBNA at the posttranscriptional level. In fact,
when total RNAs were extracted from HCN-A94 cells
infected with NRSE dsRNA-expressing virus for 4 days,
reverse transcription {(RT) PCR analysis revealed that
the introduction of the NRSE dsRNA did not appear to
change the expression of the NRSF/REST itself (Figure
3A, top left).

NRSE sequences are preferentially localized within
promoter regions of neuron-specific genes. We per-
formed sequence database search, and found more
than 60 NRSE/RE1 sequences in the mouse genome.
We next examined the direct effects of NRSE dsBNA
on the expression of genes that have the NRSE/RET
element in their promoters (SCG10, Synapsin | NaCh 11,
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Figure 2. NRSE dsRNA Induces Neuronal Differentiation of Progenitor Gells

{A) Neural progenitor cells were infected with either a control virus or viruses expressing sense, antisense or dsNRSE RNAS.

{B) Immunocytochemical analysis of cells with NRSE dsRNA. Exprassion of NRSE dsRNA in progenitor cultures resulted in increased numbers
of neuron-specific marker-positive cells.

{C) Quantitative analysis of NRSE dsRNA activity as an inducer of neuronal differentiation. The reporter assay was performed by using lineage-
spacific gene promoter-driven luciferase constructs. Scale bars are equal to 10 um.



smRNA, Global Transcriptional Regulator
783

M4 mAChR, and mGluR2). RT-PCR analysis revealed
that the NRSE dsRNA increased expression levels of
NRSE/RE1-containing genes (Figure 3A). In progenitor
stages, expression levels of SCG10, Synapsin I, NaCh
il, M4 mAChHR, and mGIuR2 were very low. Upon intro-
duction of NRSE dsRNA, significant transcriptional acti-
vation was observed (Figure 3A). These gene-activating
events appeared to be NRSE/RE1-gene specific; no ob-
vious increases in the expression of GAPDH and B-actin
genes were detected.

To determine how widespread the NRSE dsRNA-
dependent gene activation was, we monitored the activ-
ity with reporter assay using the mGIuR2 promoter. The
mGIluR2 promoter containing an NRSE/RET DNA ele-
ment was fused to EGFP and this construct was trans-
fected into various cell types infected with or without the
NRSE dsRNA lentivirus., In HCN-A94 progénitor cultures,
most of the cells were negative for GFP expression. In
contrast, in progenitor cultures with the NRSE dsRNA,
the number of GFP-positive cells increased (Figure 3B).
Neurosphere cultures were prepared from whole brain
of 10-day-old ICR strain mice, and primary neural stem
cells were derived from ventricular zone, hippocampus,
and whole brain of the 129/SvJ strain of adult mice. In
all cases, the introduction of NASE dsRNA mediated a
substantial increase in mGIuR2 promoter activity (Fig-
ure 3B).

Critical Sequence Requirement of Both the NRSE
dsRNA and NRSE/RE1 DNA Element

for Gene Activation

To investigate the sequence requirement and specific-
ity, we prepared a set of simple reporter constructs. The
NRSE/RE1 element was fused upstream from the 260
bp CMV minimal promoter carrying a TATA box and
linked to the luciferase gene (NRSE-TATA, Figure 3C).
A mutated NRSE/RET element was prepared similarly
(mtNASE-TATA). We also made expression cassettes
for the NRSE dsRNA and a mutated NRSE dsRNA
(MENRSE dsRNA).

When we introduced TATA-luciferase constructs lack-
ing the NRSE/RE1 element, no differences in the lucifer-
ase activities were detected between cells infected with
no RNA (control}-, NRSE dsRNA- and mtNRSE dsRNA-
expressing virus constructs (Figure 3D, gray bars). In
contrast, when we introduced NRSE-TATA-luciferase
constructs, the NRSE dsRNA increased the expression
levels of NRSE-TATA-luciferase gene more than 2.5
times (Figure 3D, orange bars). We next tested the ef-
fects of a mutated NRSE dsRNA on NRSE-TATA-lucifer-
ase activity. The mutations changed sequence specific-
ity while preserving dsRNA structure. Interestingly,
when the NASE dsRNA was mutated {mtNRSE dsRNA),
no additicnal increase relative to control was observed
(Figure 3D). On the other hand, the introduction of a
mutated NRSE/RET DNA element (mtNARSE-TATA) in
combination with an intact NRSE dsRNA was not
enough to induce {further gene activation {Figure 3D,
green bars). These results show that NRSE dsRNA-
dependent gene activation requires a critical sequence
homology between the NRSE/RET DNA element and the
NRSE dsRNA.

RNA-Directed Chromatin Changes of NRSE/RE1-
Containing Genes in Adult Hippocampal

Neural Cells

NRSF/REST proteins interact with histone deacetylase
(HDACT1} and methyl-CpG binding protein (MeCP2) to
form a repressive chromatin state in nonneuronal cells
(Huang et al., 1999; Lunyak et al., 2002). To investigate
the nature of the transcriptional activation of NRSE/RE1-
containing genes by the NRSE dsRNA, we performed
chromatin immunoprecipitation (ChIP) assays. The pro-
moter regions of mGIuUR2 and SCG70 genes were as-
sessed as representative NRSE/RE1-containing genes,
since these genes have been characterized in mechanis-
tic studies of the NRSF/REST repressor complex (Myers
et al., 1998; Naruse et al., 1999).

We prepared ChiP samples from HCN-A94 cells dur-
ing progenitor {with FGF2) and differentiated stages
{neurons, astrocytes, and oligodendrocytes). During
stem/progenitor stages, as well as nonneuronal stages
(oligodendrocytes and astrocytes), both mGIuR2 and
SCG10 genes were associated with NRSF/REST and
HDAC1 (Figure 4A, second and third rows). Notably,
NRSF/REST was always found to be associated with
endogenous mGIuR2 and SCG10 promoters, in the re-
gion of the NRSE/RET (Figure 4A, second row). In the
case of mGIuR2 promoter, in addition to HDAC1, methy!-
DNA binding proteins of MeCP2 and MBD1 were found
associated with the NRSE/RET region (Figure 44, fourth
and fifth rows). As for the SCG 10 promoter, we observed
decreased association of MeCP2 and MBD1, even
though this gene is apparently repressed in the nenneu-
ronal state, suggesting diversity of the repression ma-
chinery depending on specific gene/promoters con-
taining NRSE/RE1 elements.

In contrast, clear evidence of derepressed chromatin
states was seen for both mGIuR2 and SCG70 genes in
neurons, where decreased association of HDAC1 with
the NRSE/RE1 element was found (Figure 4A, third row,
third lane). The CREB binding protein (CBP)/p300 family
of transcriptional coactivators possessing histone ace-
tyltransferase activity has been shown to interact with
various transcription factors to activate genes (Bannis-
ter and Kouzarides, 1996). We detected an increase in
the association of CBP, acetylated histone H4, and acet-
ylated histone H3 with both promoters when cells wera
in a state in which these genes are actively expressed
(Figure 4A, sixth to eighth rows, third lanes). SWI/SNF
chromatin-remodeling factors, BRG1 and BAF170, were
also found to associate with the NRSE/RET element, as
part of a possible machinery to remodel the chromatin
state for active expression of neuron-specific genes in
neuronal cells (Figure 4A, eighth and ninth rows, third
lanes).

Importantly, the ChlP assay revealed that, upcn the
Introduction of NRSE dsRNA into pregenitor cells, there
was decreased association of the repressor proteins
MeCP2, MBD1, and HDAC1 with the NRSE/RET, re-
sulting in the activation of neuronal genes. The fact that
NRSF/REST still occupied the NRSE/RET locus sug-
gests that NRSF/REST may be involved in an alternative
chromatin structure with acetylated histones to activate °
transcription. For this transition step to occur, chroma-
tin-remodeling factors like BAF170 and BRG1, which
had previously been shown to bind NRSF/REST (Battag-
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Figure 3. Effect of NRSE dsRNA on the Expression of Neuron-Specific Genes Coentaining the NRSE/RET DNA Element

{A} RT-PCR analysis showed that NRSE dsRNA increased transcription levels of NRSE/RET-containing genes without affecting the expression
of NRSF/REST.

(B) Reporter assay for NRSE dsRNA activity using the mGluR?2 promoter-driven EGFP construct. Effects of NRSE dsRNA on gene activation
were assessed in neurosphera cultures and primary neural stem cells. Relative fluorescence intensity was plotted on a log scale {right). Scale
bar is equal to 10 pm.

{C) Schematic diagram of the constructs to examine the requiremant of sequence specificity of NRSE. The NASE/RET element was fused
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licli et al., 2002), may be required for remodeling the
chromatin through their ATPase activity.

We also examined the function of NRSE dsRNA in
gene-specific activation. HCN A94 cells were treated
with either an HDAC inhibitor trichostatin A (TSA) or with
demethylation reagent &'-aza-cytidine (5AzaC). Endog-
enous expression levels of mRNAs of mGIuR2, NaCh II,
SCG10, and Synapsin I were increased in TSA-treated
cells, compared with untreated cells (Supplemental Fig-
ure 52 available on Celf website). The treatment with
5AzaC showed significant activation of the M4 AChR,
mGluR2, and NaCh [l mRNAs. Some of these differences
in repression responses among neuronal genes rein-
force the idea that there may be diversity in the REST/
NRSF regulatory machinery.,

NRSF/REST Is Converted from a Transcriptional
Repressor to an Activator in the Presence

of NRSE dsRNA

To determine whether the transactivation of genes by
NRSE dsRNA was caused by derepression or by a func-
tional switch of NRSF/REST from repressor to activator,
we made GIuR2 promoter-driven luciferase constructs
[wild-type (GluR2-luciferase, Figure 4B) and mutated
NRSE substituted with random nucleotides {mtGluR2-
luciferase, Figure 4B)], and compared the level of lucifer-
ase activity with and without expression of NRSE dsRNA
in adult neural stem cells (Figure 4B). NRSF/REST can-
not bind to mutated NRSE sequences (Kraner et al.,
1992). In the case of the mutated NRSE construct
{mtGluR2-luciferase), the relative luclferase activity Is
seen at baseline levels, presumably due to a release of
NRSF-mediated repression (derepression). We ob-
served at least a 2-fold increase in the wild-type GluR2-
luciferase construct upon introduction of the NRSE
dsRNA, but not in the mtGIuR2-Luciferase construct,
indicative of an activation effect. This activation was
never cbserved with the introduction of a mutant NRSE
dsRNA or a control vector; in fact there was an active
repression of GluR2-luciferase, consistent with NRSF/
REST actions as a repressor. Taken together, these re-
sults suggest that: (1) NRSF/REST functions as arepres-
sor in the absence of NRSE dsRNA, (2) NRSF/REST
converts to an activator in the presence of NRSE dsRNA,
and (3) the activator function of NRSF/REST is depen-
dent on having both a wild-type NRSE/RET1 DNA se-
quence and a wild-type NRSE dsRNA.

The Loss of Nuclear Localizing NRSE dsRNA

Blocks Neuronal Ditferentiation in Adult
Hippocampal Stem Cells

To determine if NRSE dsRNA is necessary for neuronal
differentiation, we designed a ribozyme (Rz; Figure 5A)
that can specifically cleave cne of the strands of the
dsRNA sequence, thus inactivating the expression of
the NRSE dsRNA. For ribozymes, additional proteins
are not needed for catalysis; they only require Mg?* ions,

which are abundant in cells (Eckstein and Lilley, 1996;
Warashina et al., 2000). Since it Is important to select
the appropriate promoter to express the ribozyme in the
compartment of the cefl whera the target RNA is located
{Koseki et al.,, 1998), we first analyzed the localization
of NRSE dsRNA by Northern blotting. We found both
antisense and sense NRSE RNAs dominantly expressed
in the nuclear fraction (Figure 5A), reinforcing the finding
that MRSE dsRNAs are not acting as miRNAs, which
target cytoplasmic mRNAs to inhibit their translation.
Treatment of progenitor cells with the ribozyme com-
pletely abolished expression of the NRSE dsRNA. An
inactive ribozyme (I-Rz) with one nuclelc acid substitu-
tion in the catalytic domain was prepared as a negative
control and did not affect NRSE dsRNA expression.

We introduced both nuclear specific Us-driven func-
tional Rz and I-Rz into HCN A84 cells by lentiviral infec-
tion. No obvious effects were detected at the progenitor
stage (since NRSE dsRNAs are not expressad at this
stage} compared with the cells in which the NASE
dsRNA had been introduced by lentivirus (Figure 5B).
When the culture was switched into the neuronal differ-
entiation condition, in the case of [-Rz, normal neuronal
differentiation was observed (Figure 5B, bottom right).
However, when the Rz targeting NRSE dsBNA was intro-
duced, cells displayed strong antidifferentiation effects
even with RA+FSK stimulation and resembled the mor-
phology of cells in progenitor stages (Figure 5B, top
right).

To determine the effect of Rz in each differentiation
pathway, a cell type-specific promoter-based reporter
assay was performed similar to that shown in Figure 2C.
Luciferase values from cells 4 days after control mock
virus-infection were taken as 100%. Under progenitor
culture conditions, Sox2 promoter-driven luciferase val-
ues resulted in no difference in the cases of Rz and
{-Rz treatment, probably due to the lack of endogenous
dsRNA (Figure 5C).

Under the neurcnal condition, the level of the NRSE
dsRNAincreased, as well as TUJ1 promoter-driven lucifs
erase activity, Introduction of the Rz in this condition
significantly reduced the TUJ1-luciferase activity, whereas
the I-Rz had no effect {Figure 5C). Under astrocyte or
oligodendrocyte differentiation conditions, no obvious
differences were detected in the levels of luciferase
driven from the GFAP or MBP promoter, respectively,
upon either Rz or I-Rz introduction (Figure 5C). Mutant
NRSE dsRNA (mtNRSE dsRNA) had no effect on various
luciferase assays.

NRSE dsRNA in the Nuclei of Cells Differentiating
into Neurons

We next carried out in situ hybridization against NRSE
dsRNA and Immunostaining for NRSF/REST protein si-
multaneously. As illustrated in Figure 6A, DAPI (blue)
and NRSE RNA (green) colocalized in the nucleus of
HCN-A94 cells in neurons (RA+FSK for 4 days, upper

upstream of TATA box and linked to the luciferase gene, Mutated NRSE/RET DNA element on the reporter construct (mtNRSE-TATA) and
mutated NRSE dsRNA expression construct at a critical recognition site {mMINRSE dsRNA) were also prepared.

(D) Sequence requirement of both NRSE dsRNA and the NRSE/RET DNA elsment for gene activation. Luciferase assay showed that NRSE
dsRNA-dependent gene activation requires a specific sequence homology between the NRSE/RET DNA, elament and NRSE dsRNA.
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images). However, colocalization did not occur when
DNA was condensed during cell division (white arrow,
Figure 6A, upper image). During DNA condensation,
NRSE RNAs remained in the nuclear domain but ap-
peared to be outside of the condensed chromosomal
region (white arrows, Figure 6A, upper image). NRSE
dsRNA localization in mitotic cells seems to reflect the
localization of histone acetylase/proteins, which also
appear beyond the condensed chromosomal region.
The nature of their actions on transcriptional regulation
is in accord with the finding that transcription is re-
pressed during mitosis (Kruhtak et al., 2001), Molecules

smaller than 50~70 kDa can translocate back and forth
through the nuclear pore through a process of natural
diffusion {Stehno-Bittel et al., 1995). Since NRSE dsRNAs
are ~20 bp in length {less than 20 kDa), they would likely
diffuse throughout the cell, However, NRSE dsRNAs
were located specifically in the nucleus, suggesting as
yet unknown molecule{s) restricting the localization of
the dsRNA to the nucleus.

NRSF/REST proteins are mainly localized in the nu-
cleus, regardiess of cell division (magenta, Figure 6A).
Even though NRSF/REST Is expressed in all of the cells,
tha cells expressing higher amounts of NRSE RNAs were



