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3 MJD RNA X9 BESIERT VISR K

1 RECHUFEMRAFHY & sSIRNA OYIRT

Sl

B4 SOD1GIO3A RS RTt=w4H
v ADEIEFEE

TR —,r* Fr4gea —
r Q79C Q220 Q22G
siRNA (10nM) ( ) +) (~ (=) ()
i
ataxin-3
SiRNA (25nM)  (—) (=) (+)
evgmenemy. :
ataxin-3
(%)
120
= 100
= =
a7
53
C
£N
i
o R ,
0="a7ec Q22C Q226G
ZEE B R

SOD1-siRNARZ VAT TZy 7Ty AL
SODIGSANT L AT T =y T ) REDET &b

SOD1G8IA SOD1- SIHNA
MILAT T Iy NI R l IRV TZYPTYR

SIRNA -) +)

GY3A (+) (+)

SIRNA () SODG233A  giRNA (—) SODG93A
JIRELTOYT 127 (tail)

siRNA (—) (+)

KPS

1BfRR 29 7

G93A |

SOD1

Machado-Joseph & {$ MJD &IZFRAD CAG U E~ k
DBEIZE>TRIET 3, CAG U E— FDTEIZIE G/IC
polymorph-ism#'#% ) . R L/ACAGYU E~ hE#D
ZET7UNETRTGT. EBT7UNTIIG/IC P RESE
ETR5h3, (32Hk 2) & v) ehZren )

D polymorophrism23& ), Z4ULCAG Y
E— DD E UEHIO R & L BE LT
%o TRVHEDIE L &2 FOWIN 7 ) i3
TCH, FRRD IR L AFDIER T UL
TIEAEEOBITCTH 5 (R2). 22T
Hhbiud Z D C/G D polymorphrism @
1Y & UCSiRNA A 3RFT LT, w7 )
)l/l *1‘ B G sIRNA #FRIL 72, &2 5

B7- Z L1220 siRNA iF polymor-
phrism HERTVILEFELCTH D50
CAGY E— FDIEHE T VL & % b U
Lo 7-(83)%, Z DR E. CAG Y
= FROZIZFES RNAD 2 X #E0
B2 & » T, siRNA OIEREF|~D 7
TR INIEREPE U/ EEZ TS,

NIRRT AN
in vivo D

SCAID TV AV 2=y s AD
NI SIRNAFEBIRE 7 5/ BlfEY 4 L 2
TEAL T, EBREE & R 4 g
Uiz OMEN R I MY, 51080,
SMH‘HT%MWA%%@V/%¢4
I A % 5 DOBRGHRIZ ST U T T
IZHE) = 2 — 7 |2 sIRNA # RIH X ¢
T, GOBAZESODL 5 v AV 2=y o

HhbhOFH A4 LAEMIDSIRNAIZZD 1 BEDESD
WUTER7UNQ79C) 2T L. EET U IL(Q22G) 114
BiLBdor, AT, B EIDIOMID siRNA I3
JJL(Q22c)
(3THk 2) & V) ez e i)

Q79C LEMEFIOE<RALDH S | DOEET
HEHOTNICLIIEIL D - 1,

7 ZADFREE P L -G & X Tn
%7, bitbhdSODU KT siRNA %
EREFHBE XN ALy vy
AEEHLT, ZhEALSOEFILTY
ATH5DGPBALEESODI F 7V XV =
Zorvu A& beE. £2G0%E
SOD1 &EHDIB % 80% L) _t4ikl4 5 =
ST L7, ZOHMBIZED ., 6AEOD
IRF5 T ALSHER O FIE I3 Se 4 S P X h
T3 (R 4) FEFad).

sSiRNA D in vivo D51 781 ) —

WL, siRNAD & v Z 480> 3" ksiz o
LATa—- LA EsILI2kD,
BEOFIRESC &I &GS~ 0B A
WHEETH D Z AR ENEY, ZOMc
b BELIF A=y s Ry 8 -2 R4
RS TV, LaL, 2hesndky
AN ARG 8 - OFEMIIEEL . &1
DPIHIZHFRITIE Y 4 W ARG 5 — 3 EE
EBB, BHOT 4L ZARY &4 — 124 A
JAATIEEL L 72 SIRNA IR 4 L XX %
& —%&FWT, in vivo OHIFEND siRNA
BAOE R4 L XNTHBH, [
M BEPS & BENSEA B F30 E 72FEr
LCuvaisly,
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SOD1 {847 % siRNA £BRIRIME L RS2 R
VIZYURIREASODETIRIZITH B
GO3AZERE SOD1 hI LAV =y U7 R E#HNS
EhEBIEILY, BRSODIEADHKIRE80%
RIEISIT 5 2 EIZRIIL o 6 AEOBATALS
ERDRIE XTI STV 3,

SiRNA @ off-target 32 %5 £ OB
SIS

siRNAIZIZ, offtarget®h®. T4bbH.
a—fvbabtﬁﬁ%wﬂ‘ Fv 7=
IRED SIRNADERF N E# 5302 sk £ o
/-@@%M@@h%@%ﬁé%&fb
D VbW BRI IIGAHE XhTn E) 0
siRNA OFEH| 10 SR 15 FHL -1z
TV Db SMMOEIRTFIZH \“CF'””‘
ol SN, 5B I D off-tar-
get WhROFEM & 7 o [akEE S, FEEGA 4
BECRE IR A ATREME A B B

BHUIC

siRNA DIGEERSE & L CORERIGH O
WIZEIZid, off-target effect Zc & "REMD
FSRE R silencing % E WSRO HEHHORIRE,
MERABAM A B 57 V) — Fikk &
R REEIE 7L< DB, LAL
siRNA OB (R FHIHIRI R I 9EE T %@
PR I3 BRI IR & e, EEREFZR IR R
MHEA TS, Lzdi-C, JEEISEN

TR, HEARMEREB TOH L EEIED
FHFEIZ SIRNA OFH ARz 5 3 2 &

R L 72y,
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1. RNAi & W=7 40 X E 8]

®mE &S
HOERMRIAREN B e

RNA interference (RNAiD) i3 2 444 RNAI 12 & o THE S N 5 BFH RN 2B ET BB CH
%, #OHEEYW T S Short interfering RNA (siRNA) LMl BTy, /1 —7 1
VEIEG EORIESE { BOBEFEYRTE, BBREBIZA>TWET vty ARSI 1K

WAREY, B, BEHIEEENTRLELPIENLTNE,

ZFORFRESE & U CTIRRIS FIZAF I

A VAR BB W TET L TWwW5, OFF-Target RH0 7 N —Fiki ¥ 12 2R &
RSE 2 3 £\ D%, SiRNA OBV D 4 OFEICB W CTERSE~OIEAFEEIZERL T

CZEFEEVWEW D EEbNS.

1. RNAi &

SHETOYANVAEBEIRMOFTELT 7 F oAV
ABEBEAR YA NVABREEE Y -7 v b L LIEIETSH -
o ZOBAE, vANAY ) LEEICEDL LIRS, BRT
HMEEL NV TEBIHIL L) 2w iRAAad, 7oFEVA
e, 94 F¥A L, DNAZ VWA L% ETfThbhTwz
25, TR GIHEIRIIE SNk o7z, R, HLVWEE
F-HBEE (gene silencing) & LT, INH&ITHHPIT
% CRR %O RNA interference (RNAI) 25EH &h T
w5,

B\ 2 A4H RNAI 12 & - TIFE S N5 |IZT- BRI T
H 5 RNAI G H» o BH, WABWIVW25 L TA
CIRAFLTEES K, Tk, ERMRICHD o250y 1V
AMgEREL LTHb Tz, MIRNICEA S 2 R
RNA i3 Dicer & &N % RNase I B EBEE 7 7 3
) — 2k 5 T 21-24mer DV 3 22 Ao 2 485 RNA T
# % short interference RNA (siRNA) /s 5.
SIRNA X7 T2V AFHOANE FENT, N T —
A EOBREED LA RNA EREEARTH D RISCHE

T 113-8519 HFERSIHIXEE 1-545
TEL : 03-5803-5234 '
FAX : 03-5803-0169

E-mail : tak-yokota.nuro@tmd.ac.jp

&A1& (RNA-induced silencing complex) KB DA h,
TV AR B 2o — 7 v P RNA %
FORRTHRET L. L, WABWIZBEIT 5 2 R
RNA @ A i3 PKR % 2' 5 oligosynthetase O LI &
% IEHR R 2 BIERPIH 2 RNA O 5@ AE L, FA PO
JAaDATLE D 7280, HFEYFENFLE LTHERET
WBEOITEE LT RNAI OFIHOKE 2Tk o T
7z. L L, 200041c, RNAIBBEOHHEDTH S
SIRNA # &L THWA Z 212X » TI b ORI SUSHE
WS, siRNA OELFIZ R 2 &= T 5EIH 25T fE &
o7z, 2512, siRNA EFHI %Y 9mer OV — TS
TohwHE stem B/ ¥ F1a 3 v 7 7 siRNA B % pol
I %07 aE—4% -T2 A L7z siRNA 33 DNA 77
A FORES Y. F70, EE, MA T siRNA O
72 72 AT F RIS & L T siRNA # /- L7: DNA 0
T OE—- Y =D CpG TA Ty KRS =5y MZAT
ML EEIE T P ko TWAE D
RNA B3R 6 8 MCESL FTHL OEYHE TR
HENTWT, 20OEYFNLREZRE LTI T ANVIARE
Wt AR LGB L CE L2 W RERDRIB S
NTW5, siRNA OBRLE, # w2907 AV A
WBWT, HIFENTOY 4V AEEFOOWR Y A VAR
ETHEBEF VBV T siRNA PERTH 5 L DG M
KWTWA, BETT, T4 X9 4 LAHIV)YCHETS .
BRSO kA VA, KYFy A vz, £ 7pL
VHEYANRALY x2S 4 vy 4 VA SARS
ANVA, TIZANFANIANARELDELLTA VAT



Exh7 siRNA OFEH L. T2 T, FAIPMERELAZC
RIFF4 4 VA (HCV) 1259 2 siRNA I22WwT 9 B4
15,

2.siRNA & —45 v b4 FOEIR

HCV BT 9600 R &2 5 75 A 1 4§ RNA T,
5 & 3 JEEHER{EEL (UTR) 2 EF N/ ORF 6% 5. 5
o> 341 HEF D UTR 13455 2 RNA #:50 IRES (internal
ribosome entry site) (—# 27 ¥ o827 2 — FEWIZ K
K) & A, HCVRNAWE ¥ v v 7HEEEHIZZ D 5
IRES 2L D EIERE A, 3 UTRIZIEARY UEH) & 98 1
Heh bl s FXEEIEFEHLEL TnAE, ORFIZ 555 C, El,
E2, p7 OiEE N, NS2, NS3, NS4A, NS5A, NSHB DIt E
ERE &G 301007 IV BIS25 1ROKREZR) 70
FAYEaA-FLTws (R1E).

HCVIZ 1 A RNA YA NVATHEHFOZ, Th—71Y
— 4 v TR {, T AV AEELER TR IC ORF 4EI
CBWTRNARYY AT —FPOHFRARAEWVIZLAERE 2R
LS\, HCV EfETF2WE S LISk, e dE TR
WESNTELD, BHETEHSTH#EILFIEE I PEEE

HCV

(DA VA &56% £158,

LD 6 DOORBMTETRIICHE, BEINTWS, F72, [
—EENICBNT L BRIZFEIIORR o 729 4 v AL
FFE LT quasispecies L IEIENTW 5,

Quasispecies DD 5, b L siRNA [Z#F DB L& —
Ty MFA DI ATy FEEDPELEE, BIZEFD
ROt D) b 595 13 EFEENETH 5 &,
el Z 1IETHRELOWBELZ TP HE0H52 L
DEENT WD W, SR HIV T siRNA 035545 HIV 12
EUEERTELARBTAI EHESRTVWL Y, £
ZTEH AL HCV OFEETINIB b 64 92-08% BLF | A551F
ENTWBBUTRIRES IZsiRNA D ¥ — 7y b %f& o T
FHA L7z (R1TF). siRNA OFEBEEFIZOWTIE, —
FEDOFEMI DD o> TwE, siRNADRISCIZHY AT b
Biz7 v F v AEPE Y I a0, 75k A
OB KON AN F—DENZ EHZEF L5 K
WATA U THAER EHNEEL Shp 101718

3.HCV IZ%17 3 siRNA D3R

HCV 1358 E Ol 13 g, B siiass 2z
WZED, HCVIIEO R E BT & 72 o T izas, 1999 £
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NC #12

X2 A8 siRNA O HCV L 7Y a2 (Rep-Feo

12 Bartenschlagar 512 & 0 & b+ FFMARE R Huh-7 #ifla 2
FvT HCV o B EiE % 7 8EIC L7z HCV L7 3 )%k
Lz, HCV 7/ A OEEAY I — FT5E5% &~ 4
T AT U EEETFICER L 2EET, v N ERERk
Huh-7 {238 A LT, HCV OB LN L CER L
AAYA YU L o TRERES O - YSEIRS I,
KL R—y —BETE LTRAYA ¥ ViR ETIC
VT x5 —VEREFEEE ST, HOV BETRERE

R

#82 #189 #286 #3381

) AQIY T x5 —EEEIEIBER U 5 » 5 ER)

BT g —VIHHIC L o THEIFMETE 2 X )10k
7.

W24 05 UTRIRESIZH LTTFHF A >~ L2
SiRNA O# R4 R$. L HCV L 7)) 2 (Rep-Feo)
S AT KIZBWT siRNA33L % b AN S & 1) L 72,
2 b —VIZHER LT 125 nM O siRNA B TId 97%
ONYT 2T - BEEOMEIIEE SN, 25 aM OFE
AR AR SIRNA C 54 80% oIS R o iz, ZofFR



BHCV L7 a Y RNAD /> 7oy by »
NRyDYIAYy7Tay NTChHEPOON (H3). 20
SIRNA O RBTEROEREMEERECH LT v FE 2
F 1) I DNA, VAR A L LEhRE0 I L T ERAICEE
ET L@t - 70,

/o, VANABEETEOLORENETLDOTIELR L,
T AV AT W e i O NTEMEE G T F A B
FHEBZEZ SN TWAD, HIVEGEIZBIT A TSGI01Y %
NF ¢ B p65% #7212y b7 &% siRNA THIH % #pH)
L, HIVY A VA L - L oELH 5.

Z 512, CD4 R CCRb 7% &? HIV-1 Bz BT A1) »o%
HACWEST 27 A VAZEREZENE L TEORB I

A

Replicon RNA =

100

f-actin e

NS54 -

NS3 =

NS44 b=

(VA4 nA #5545 &£1%F,

g2 HESRELSHVERB SN TS, CD34+ %M
MBS CCREIZH T % siRNA & L v 59 £ L A THES
WL/ 2n, EEICHEL Tinvitro Tv 2107 7 —
I invivo TT Y YRERICA Y, FOWE L LI HIV Y
ANAEIE LR o 72 E OB SN, S EOIEEEH
RS- T 2D,
4. HCV IZ%39 2 siRNA B 71 I XX 52 —D
in vivo ZHR

SIRNA 7 A WANRS & — TR EBIT A 729121
siRNA Z8B1 DNA X7 & — OB Tdh A, Ti4 13 Pol
MIAOTOE-F—THoe s Us FIE—F—D Tz

g0 26 18

5 kDa

B3 siRNA331 M HCV L7722 RNA, JEIBiE 2 > /N7 AOFEBIFINE (308 5 » 5 6E8H)
AV 7)) a v BENERICHTATO—- T2 AW/ 7y b
(BINSEB (W2 70— 7fiffx /vty > 70y |
lane 1, mock; lane 2 siRNA 331 2.5 nM; lane 2 siRNA 331 25 nM; lane 2 siRNA 331 125 nM; no transfection
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AT BIV—T% 4 7D siRNA FEERNY ¥ —EH = /HAL T
ZOMBARR L. ATFANV—TF 4 S TRBEHICBEL
TEVART vF X v ARG HEEICEENS AL Z &FF
meEnTBYy, #hallhoBnIa~y FEEzt
VASITEA LSS, ZhckoT, HCV 7/ AYIRTR)
KIFTHET, L DRERsIRNABENZ & —25ER L
72, BRI NET T IANANRS F—|ZEBATAHI L
ko, HCV L7y av o)y 7 =7 — Btz fllE
LTI 5 2 LIS L, 2k v RIS HOV &
JLAPRBETLNS VAV Iy 2T ARBVTC, in
vivo TO HCV BETFHRBEMENIEII LT b Gtk
m), &547, B, PATOCRFRETNVIIBVWTE
DREEBFEHTH 5.

5. siRNA @ in vivo NDT YN —

siRNA (i T RISC 2B Y A F 1 CEIMTIE 4 % 564
T2 LY, siRNA OF YY) — MR S 2z g
L, BEFEBIZISEDNRABHDNANY ¥ —D X
YR T 7 B AT B BE R, McCaffrey 2 617
v 2 DREIRY S 10-50 (g DA siRNA % FED 510 %
DB D PBS BT 57 OB CHEAT AN Fa gy
£F 3y s AEAET, <7 AOHILIC sIRNA OFEAIZ
BIh L7z, S OFEIC L o TERE, B, B, $TwEicd
Hah7 siRNA OBEASTRETH S D). Zong Fas A
F 3y REAETEA SN Fas® % caspase 877 12
4 B A siRNA C©, <7 ACHERSNBEN£1C X %
BTEAET S EDWEN SNz, SONA FasdAF
Iy s ABAFEEFOTEHRISHT S 2 L 3H LW,
SiRNA 7% in vivo CHINVEMT A2 L 2 /R LICER R
Lk 2 i, siRNA OV AO 3 “Kixica b A7
O—VhESSELILITLD, BEOREOHIREST
b B AOEANTETH ) S LR EnD, %
O, FEE~OER AT H =y 7 ) RY — bR F—F
KiLBEFEIRTEY 20 PHETEx L,

B OMEEIEIIE YA VARG ¥ =B LR DL, A
FAN—TF AT T SIRNASEBRANR Yy §—a A 7
S ETFIIANAN 2LUF AL, Liay
ANABD 7T A VAN ROy A VAR S
— TR AIA A THERL L 72 SIRNA S8BT A N ART & — % H
v, in vivo DML siRNA EAOWEINFRL LS
TWa, BICERREFEENLT 7/ BEY A VADH LW
MjER 8 £ (AAV-8) EIFFIZHVEBRTFEANRLTS Y
ST\ 5 3530,

6. BH I

siRNA = & 2 BRERIS B2 siRNA @ 71 N 1) — & off-
target 25K & ZRRESCH A 5. I sIRNA O 7) /31
—OETIRELIBVWERED12EEX LN, FIZTA VA

PEFF 4513 siRNA O 7 — 4y P OIRB YL LTHRBRORERITK
WIZHIRE S LA,
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Gene therapy of virus replication with RNAi

Takanori Yokota

Department of Neurology and Neurological Science, Tokyo Medical and Dental University

RNA interference (RNAIQ) is the process of sequence-specific, post-tanscriptional gene silencing
initiated by double-stranded RNA (dsRNA). The short interference RNA (siRNA) cleaves target RNA
even in mammalian cells without adverse effects of long dsRNA such as an interferon response, and
works much more efficiently than antisense oligonucleotide and ribozyme. The clinical application of
siRNA has been tried especially for the viral diseases. There are still important problems for
application of gene therapy including off-target effect and gene delivery of siRNA, but a rapid
progress can be expected because of the extremely high efficiency of siRNA.
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siRNA becomes smart and

intelligent

Makoto Miyagishi & Kazunari Taira

Designing small interfering RNAs is facilitated by an artificial neural

network algorithm.

In just a few years, small interfering RNA
(siRNA) has emerged as a powerful tech-
nology to specifically knockdown genes in
mammalian cells both for functional analysis
and for therapeutic purposes'. The success of
this approach, also called RNA interference
(RNAI), hinges on the affinity of an siRNA
molecule for its target mRNA, Many different
algorithms for designing siRNAs have been
developed, but they remain of limited utility.
In this issue, Hall et al.? report the first artifi-
cial neural network (ANN)-based algorithm
for designing siRNAs and use it to generate
a library of siRNAs for more than 24,000
human genes. The algorithm may enable one
to design highly specific and efficient siRNAs
for any organism, thus providing a powerful
tool for RNAI.

RNAIi proceeds through several steps. First,
siRNAs transfected into cells are incorpo-
rated into the RNA-induced silencing com-
plex (RISC), after or concurrent with the
unwinding of double-stranded RNA. The
RISC/siRNA complex then recognizes an
mRNA sequence that is complementary to
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Department of Chemistry and Biotechnology,
School of Engineering, University of Tokyo,
Tokyo 113-8656, Japan and at the Gene
Function Research Center, National Institute
of Advanced Industrial Science and Technology,
Tsukuba 305-8562, Japan.

e-mail: makoto-m@chembio.t.u-tokyo.ac.jp;
taira@chembio.t.u-tokyo.ac.jp

the antisense strand of the siRNA. Finally, the
RISC enzymatic machinery cleaves the target
mRNA, resulting in gene silencing. The effi-
ciency of the cleavage step depends strongly
on the chosen mRNA target sequence. For
example, if one chooses random target sites,
only 10% to 30% of siRNAs will show highly
suppressive effects.

Many attempts have been made to under-
stand the rules governing the silencing effi-
ciency of siRNA. In an early report by Holen
et al.?, experiments with a set of siRNAs
‘walking’ across the target mRNA indicated
that siRNA activity depends on GC content
and that a difference of as little as 2 base
pairs could markedly affect siRNA activity.
Reynolds et al.* carried out a more detailed
analysis using 120 siRNAs directed against
two genes and identified several parame-
ters: GC content, base preference at specific
nucleotides, especially positions 1, 7, 10 and
17 of the antisense strand (bold signifies a
highly significant effect) and internal stabil-
ity of the 3’ terminus of the sense strand.
Khvorova et al.> and Schwarz et al.b sub-
sequently suggested that the difference in
internal stabilities between the 3" and the 5
termini, which determines the direction of
siRNA unwinding and the incorporation of
the guide strand into RISC, is also critical
for siRNA activity. Finally, other groups have
reported base preferences at positions 1,4, 7,
9, 10, 14 and 19 of the antisense strand.

However, some of these parameters, espe-
cially base preferences with low significance,
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are not consistent across the studies. This is
most likely because the number of experimen-
tal siRNA data sets was often too small to iden-
tify weak correlations with any confidence.
Combining data sets from different assays,
and/or merging data sets that were measured
with different target genes and reflect the dif-
ferent stabilities and concentrations of the
siRNAs used, would not improve the quality of
data either. All these limitations have made it
difficult to identify the parameters that deter-
mine siRNA efficiency and to create reliable
algorithms for designing siRNA.

Hall et al. began by assaying siRNA activ-
ity using a sophisticated fluorescent reporter
system. Target cDNAs were inserted into
the 3’ untranslated region of the enhanced
yellow fluorescent protein (eYFP) mRNA,
and a human cell line with siRNAs targeted
against the corresponding mRNAs was tran-
siently cotransfected with the resulting plas-
mids. The suppression of eYFP fluorescence
induced by these siRNAs was measured and
standardized against the fluorescence levels of
enhanced cyan fluorescent protein expressed
from the same reporter plasmid. Suppression
by siRNA targeted against eYFP and by
negative-control siRNAs targeted against an
unrelated gene served to normalize siRNA
transfection efficiency and to control for
nonspecific inhibition of eYFP, respectively.
The siRNA effects measured in the transient
assay correlated well with the siRNA effects
for the corresponding endogenous genes.
The authors used this system to obtain high-
quality data on about 3,000 siRNAs.

The authors then proceeded to analyze
the 200 most potent and the 200 least potent
siRNAs to elucidate base preferences. They
found a few novel base preferences (positions
2(U), 11(U), 21(G) in the antisense strand) as
well as several previously reported base pre-
ferences (positions 1(A or U), 7(U), 10(A),
19(C) in the antisense strand). One interest-
ing result pertains to the G at position 21,
which corresponds to the 3" overhang of the
antisense strand: the authors postulate that
this base may be critical for mRNA recogni-
tion by the RNAi machinery.

To make an algorithm that can predict the
silencing activity of siRNA from sequence
information, Hall et al. chose to use an ANN-
based approach. ANN is an information
processing system originally inspired by the
neural network architecture of the brain. It
is capable of optimizing complex nonlinear
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Figure 1 Schematic representation of an
artificial neural network (ANN)-based approach
for training, modeling and predicting siRNA
efficiency.

relationships and has therefore been used for
many applications, including classification,
modeling and pattern recognition (Fig. 1).

Before building an ANN algorithm, the
authors randomly divided the data into a
training set (2,182 data points) and a testing
set (249 data points). The ANN algorithm
trained on the training set could predict
the silencing activity of the testing set at a
Pearson coefficient of correlation r = 0.66.
The trained algorithm was also used to
select effective siRNAs for three endogenous
human genes.

When using ANN, as well as other regres-
sion methods, one of the most critical
problems is the potential for ‘overfitting.’ If
overfitting occurs as a result of ‘overtraining’
the algorithm, the error on the training set is
forced to become very small. Consequently,
the apparent correlation for the training data
set becomes very high, but when new data
not used for the training are presented to the
ANN, the error becomes large, that is, the
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predictive ability for the new data is poor.
The algorithm developed by Hall et al. shows
a correlation for the training data set of 0.67,
which is about the same as that of the testing
data set. This result indicates that their ANN
is appropriately trained and that little or no
overfitting has occurred.

Most of the conventional methods for
designing siRNAs use the aforementioned
correlated parameters and select siRNA
sequences by simply determining the value
of the appropriate parameters or by a score
that is calculated by a linear summation of
the weighted available parameters. However,
these methods cannot handle complex
sequence motifs and/or synergistic relations
between two or more parameters. Indeed, we
have identified synergistic relations among
parameters, for example, internal stabilities
between the 5°- and 3’-termini that signifi-
cantly affect siRNA activity”-8. Conversely, to
run ANN when synergistic and/or complex
effects exist requires large and accurate data
sets—in other words, success depends largely
on the size and quality of the data sets used.

The correlation coefficient for the pre-
diction of 0.66 in Hall et al’s study might
be sufficient for designing siRNAs for bio-
logical or clinical use, but it may not fully
account for the physicochemical mechanism
of siRNA. This implies the existence of other
relevant factors beyond sequence informa-
tion, such as RNA modifications and the cel-
lular localization and secondary structure of
target mRNA. Thus, there is likely room for
improvement of Hall et al’s already sophis-
ticated algorithm. Such improvements pro-
mise even higher-quality, large-scale siRNA
libraries, which will facilitate genome-wide
approaches to biological questions in numer-
ous living systems—approaches that have
already proven very fruitful®10,
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A20 Is a Negative Regulator of IFN Regulatory Factor 3
Signaling”

Tatsuya Saitoh,* Masahiro Yamamoto,” Makoto Miyagishi,*7 Kazunari Taira,’"
Makoto Nakanishi,| Takashi Fujita, Shizuo Akira,™ Naoki Yamamoto,* and Shoji Yamaoka®*

IFN regulatory factor 3 (IRF-3) is a critical transcription factor that regulates an establishment of innate immune status following
detection of viral pathogens. Recent studies have revealed that two IxB kinase (IKK)-like kinases, NF-rB-activating kinase/T raf
family member-associated NF-xB activator-binding kinase 1 and IKK-i/IKKg, are responsible for activation of IRF-3, but the
regulatory mechanism of the IRF-3 signaling pathway has not been fully understood. In this study, we report that IRF-3 activation
is suppressed by A20, which was initially identified as an inhibitor of apoptosis and inducibly expressed by dsRNA. A20 physically
interacts with NF-xB-activating kinase/Traf family member-associated NF-xB activator-binding kinase 1 and IKK-i/IKKe, and
inhibits dimerization of IRF-3 following engagement of TLR3 by dsRNA or Newcastle disease virus infection, leading to sup-
pression of the TFN stimulation response element- and IFN-§ promoter-dependent transcription. Importantly, knocking down of
A20 expression by RNA interference results in enhanced IRF-3-dependent transcription triggered by the stimulation of TLR3 or
virus infection. Our study thus demonstrates that A20 is a candidate negative regulator of the signaling cascade to IRF-3 activation

in the innate antiviral response. The Journal of Immunology, 2005, 174: 1507-1512.

conserved mechanism that confers host defense against

viral and microbial infection (1-3). IFN regulatory factor
3 (IRF-3)® is a ubiquitously expressed transcription factor that reg-
ulates primary induction of type I IFN, IFN-«, and plays a critical
role for establishing innate immune status in response to invasion
of pathogens (1-2, 4). Although IRF-3 is retained in the cytoplasm
of unstimulated cells, it is phosphorylated and forms a dimer upon
viral infection, which then translocates to the nucleus, binds to IFN
stimulation response element (ISRE) and enhances the transcrip-
tion of a set of genes including IFN-$ (2, 4, 5). Recent studies
revealed that two noncanonical I«B kinase (IKK)-like kinases, NF-
kB-activating kinase (NAK)/Traf family member-associated
NE-«B activator-binding kinase 1 (TBK1) and IKK-i/IKKe, could

F I Y he innate immune system is an important, evolutionarily
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induce the dimerization of IRF-3 by enhancing phosphorylation of
IRE-3 and play essential roles for IRF-3-dependent transcriptional
activation (6, 7).

Viral and microbial pathogens can be detected by TLR3 and
TLR4, which recognize viral dsSRNA and bacterial LPS, respec-
tively (3, 8). Engagement of these TLRs triggers the IRF-3 and
NF-«B signaling pathways and confers the rapid induction of
IFN-B. Although MyDS88 is a common adaptor protein for TLRs
and plays important roles for NF-«B activation, TLR3 and TLR4
still mediate both IRF-3 and NF-«B activation in MyD88-deficient
mice, indicating that the MyD88-independent signaling pathways
for production of IFN-B are triggered by engagement of these
TLRs (3, 8). We and others identified adaptor molecules, Toll/
IL-1R domain-containing adaptor inducing IFN-8 (TRIF) (also
called TICAM-1) and TRIF-related adaptor molecule (TRAM;
also called TICAM-2 or TIRP) as mediators in the MyD88-inde-
pendent signaling pathways (8—11). TRAM interacts with TLR4
and is specifically involved in TLR4-induced IRF-3 activation.
TRIF, which interacts with TLR3 and TRAM, is involved in both
TLR3- and TLR4-mediated signaling pathways and associates
with NAK/TBK1 to initiate IRF-3 activation (12).

Although recent discoveries identified critical mediators of
IRF-3 signaling, regulatory mechanisms of these molecules are not
fully understood. Because NAK/TBK1 and IKK-i/IKKe are IKK-
like molecules, we hypothesized that the regulatory mechanism of
IRE-3 kinases might be similar to that of the canonical IKK«a/
IKK 3/NF-«B essential modulator (NEMO) complex. We therefore
examined regulators of the IKK complex activation for participa-
tion in IRF-3 signaling pathways and have found that A20 potently
inhibits IRF-3 activation. A20 is a 90-kDa protein whose expres-
sion is induced by a variety of stimuli including poly(I)-poly(C)
(polyIC), LPS, and TNF-a (13, 14). A recent study indicated that
viral infection also induced A20 expression through activation of
protein kinase R (15). A20 has a deubiquitinase domain at the N

" terminus and seven repeats of zinc finger domain at the C terminus,

although the role of these domains for A20 function is not fully
understood (13, 16). A recent study using mice deficient in A20

0022-1767/05/$02.00
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provided genetic evidence that A20 worked as a negative regulator
in NF-«B signaling pathways. Injection of TNF-« in A20-deficient
mice induced severe inflammation due to persistent activation of
NF-xB (17). These mice exhibited elevated sensitivity to endo-
toxin shock, suggesting that A20 might negatively regulate TLR-
initiated signaling pathways (17, 18). However, involvement of
A20 in IRF-3 signaling pathways triggered by engagement of TLR
or virus infection has not been reported.

In this study, we demonstrate that A20 interacts with IRF-3
kinases, NAK/TBK1 and IKK-i/IKKe, and inhibits TLR3- or vi-
rus-induced IRF-3 dimerization and ISRE-dependent transcrip-
tional activation.

Materials and Methods

Reagents

Monoclonal anti-HA Ab (12CAS) was a kind gift from Dr. A. Isragl (In-
stitut Pasteur, Paris, France). Monoclonal anti-FLLAG Ab (M2) and anti-HA
Ab (HA-7) were purchased from Sigma-Aldrich. Anti-actin Ab (C-2) and
anti-IRF-3 Ab (FL-425) were purchased from Santa Cruz Biotechnology.
Polyclonal anti-human IRE-3 (phospho-Ser*®%) Ab was described previ-
ously (5). PolyIC was purchased from Amersham Biosciences. Newcastle
disease virus (NDV) was prepared as described previously (19). All other
regents were purchased from Sigma-Aldrich unless otherwise noted.

Plasmids

pcDNA3-HA-A20, pFLAG-CMV-1-hTLR3, pEFl-lacZ, and pl125-luc
were kind gifts from Drs. D. Wallach (The Weizmann Institute of Science,
Rehovot, Israel), K. Fitzgerald (University of Massachusetts Medical
School, Worcester, MA), S. Memet (Institut Pasteur, Paris, France), and T.
Taniguchi (University of Tokyo, Tokyo, Japan), respectively. pcDNA3 and
PISRE-luc were purchased from Invitrogen Life Technologies and Strat-
agene, respectively. pcDNA3-FLAG-NAK, pcDNA3-FLAG-dnNAK
(K38A), pEF-FLAG-IKK-i, pEF-HA-IRF-3, pEF-HA-dnIRF-3 (58-427),
and pEF-p50-1RF-3 5D were described previously (5, 12, 19, 20). Com-
plementary DNAs encoding either the N-terminal 378 aa (1-378) or C-

A20 NEGATIVELY REGULATES IRF-3 SIGNALING

terminal 412 aa (379-790) of human A20 were amplified by PCR using
pcDNA3-HA-A20 as a template and inserted into pcDNA3-HA. The re-
sultant plasmids were referred to as pcDNA3-HA-A20-N or pcDNA3-HA-
A20-C, respectively. The primer sequences used for PCR are available
upon request. pUG plasmids capable of small inhibitory RNA (siRNA)
expression were constructed according to the procedures described previ-
ously (21). Sequences inserted immediately downstream of U6 promoter
were as follows (only sense sequence is shown): specific to A20, 5'-
GGAAACAGACACACGCAAC-3’; the unrelated control, §'-
GTAGCGCGGTGTATTATAC-3'. The resultant plasmids were referred
as pU6-A20i or pU6-Ctli, respectively.

Cell culture, transfection, and reporter assay

293/TLR3 cells were described previously (22). The 293, 293/TLR3, and
Hel.a cells used in this study were all maintained in DMEM supplemented
with 10% FCS, 100 U/ml penicillin G, and 100 pg/ml streptomycin. THP-1
cells were maintained in RPMI 1640 supplemented with 10% FCS, 100
U/ml penicillin G, and 100 pg/ml streptomycin. 293 and 293/TLR3 cells
were transfected by the calcium-phosphate method as described previously
(23). HeLa cells were transfected by FuGene6 transfection reagent (Roche)
according to the manufacturer’s instructions. THP-1 cells were transfected
by DMRIE-C transfection reagent (Invitrogen Life Technologies) accord-
ing to the manufacturer’s instructions. 293, 293/TLR3, and HelLa cells
were transfected with 250 ng of EF1-lacZ and 250 ng of pISRE-luc or
p125-luc along with the indicated effector plasmid. THP-1 cells were trans-
fected with 500 ng of EF1-lacZ and 500 ng of pISRE-luc along with the
indicated effector plasmid. After the transfection, cells were treated as in-
dicated and lysed in lysis buffer (25 mM Tris-HCI, 8 mM MgCl,, 1 mM
DTT, 1% Triton X-100, 15% glycerol). Luciferase activity was normalized
based on (-galactosidase activity. All of the experiments were conducted
at least six times. The results were essentially reproducible.

Preparation of whole-cell extracts, immunoblotting, and
immunoprecipitation

Cells were suspended in lysis buffer (20 mM HEPES (pH 7.6), 150 mM
NaCl, 0.5 mM EDTA, and 0.1% Nonidet P-40) supplemented with 1 mM
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FIGURE 1.

A20 suppresses IRF-3-dependent transcription. A and B, 293/TLR3 cells were transfected with 1 pg of the indicated expression plasmid (A)

or the indicated amounts of pcDNA3-HA-A20 (B) along with pISRE-luc and pEF1-lacZ. Total amount of effecter plasmid (1 wg) was kept constant by
addition of pcDNA3. Twenty-four hours after transfection, the cells were stimulated with polyIC (10 pg/ml) or IFN-« (2000 U/ml) for 3 h. C and D, 293
cells were transfected with 1 ug of the indicated expression plasmid (C) or the indicated amounts of pcDNA3-HA-A20 (D) along with pISRE-luc and
pEF1-lacZ. Total amount of effecter plasmid (1 pg) was kept constant by addition of pcDNA3. Twenty-four hours after transfection, the cells were infected
with NDV for 12 h. E and F, 293/TLR3 cells or 293 cells were transfected with the indicated amounts of pcDNA3-HA-A20 along with p125-luc (IFN-
promoter) and pEF1-lacZ, and then the cells were stimulated with polyIC for 3 h (E) or infected with NDV (F) for 12 h, respectively. The harvested cells
were subjected to luciferase reporter assays. The luciferase activity was normalized based on the 3-galactosidase activity. The values shown are means *

SD from three separate transfections. R.L.U., Relative luciferase unit.
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FIGURE 2. A20 inhibits dimerization of IRF-3. A and B, 293 cells were
transfected with 50 ng of pcDNA3-FLAG-NAK (A) or 15 ng of pEF-p50-
IRF-3 5D (B) along with the indicated amounts of pcDNA3-HA-A20,
pISRE-luc, and pEF!-lacZ for 24 h. The harvested cells were subjected to
luciferase reporter assays. C, 293 cells were transfected with 1 pg of
pcDNA3 or pcDNA3-HA-A20 along with 100 ng of pFLAG-CMV-1-
hTLR3. Twenty-four hours after transfection, the cells were stimulated
with polyIC for | h. D, 293 cells were transfected with 1 g of pcDNA3
or pcDNA3-HA-A20. Twenty-four hours after transfection, the cells were
infected with NDV for 12 h. The whole-cell extracts were subjected to
native PAGE or SDS-PAGE. The membranes were probed with the indi-
cated Abs. The asterisks indicate nonspecific bands. Positions of IRF-3
monomer and dimer are indicated.

PMSF and 1 mM Na,;VO,. Extracts were cleared by centrifugation. Im-
munoprecipitation and immunoblotting were performed as described pre-
viously (23). Briefly, cell lysates were incubated with anti-FLAG mAb
(M2) for 1 h and then incubated with protein G-Sepharose for 1 h. The
beads were washed four times with lysis buffer. Precipitated proteins and
whole-cell extracts were fractionated by 8% SDS-PAGE, and transferred
onto Immobilon membranes (Millipore), and blots were revealed with an
ECL detection system (Amersham Biosciences). All of the experiments
were conducted at least twice. The results were essentially reproducible.

Detection of IRF-3 dimer by native PAGE

Cells were suspended in lysis buffer (50 mM Tris-HCI (pH 8.0), 150 mM
NaCl, and 1% Nonidet P-40) supplemented with 1 mM PMSF and 1 mM
Na,VO,. Extracts were cleared by centrifugation. Whole-cell extracts (10
ng) were fractionated by 7.5% native PAGE, and transferred onto Immo-
bilon membranes, and blots were revealed with an ECL detection system.
All of the experiments were conducted at least twice. The results were
essentially reproducible.

Results
A20 suppresses IRF-3 activation

We examined involvement of proteins associated with the IKKa/
IKKB/NEMO complex for IRF-3 regulation, because the NAK/
TBK1 and IKK-i/IKKe are IKK-like molecules. We used two
well-characterized stimuli to trigger IRF-3 signaling pathways, en-
gagement of TLR3 with polyIC and infection with NDV, which
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indeed activated ISRE-dependent transcription in a manner that
depends on NAK/TBKI1 and IRF-3 (Fig. 1, A and C). As a result,
we found that A20 inhibited TLR3 stimulation- or NDV infection-
induced ISRE-dependent transcription in a dose-dependent manner
(Fig. 1, B and D). In contrast, expression of A20 did not affect
IFN-a-induced activation (Fig. 1B), indicating that A20 specifi-
cally regulates IRF-3 signaling. We next asked whether A20 mod-
ulates the activity of the IFN-f promoter, which harbors ISRE
recognized by IRF-3. Transfection studies revealed that A20 po-
tently inhibited TLR3- or NDV-induced IFN-$ promoter activa-
tion (Fig. 1, E and F). A20 also inhibited NAK/TBK1-induced, but
not the constitutively active IRF-3 5D mutant-induced 1SRE-de-
pendent transcription (Fig. 2, A and B). In addition, A20 inhibited
the polyIC- or NDV-induced dimerization of endogenous IRF-3
(Fig. 2, C and D). These results strongly suggest that A20 acts on
a common mediator(s) that regulates IRF-3 activation induced by
TLR3 engagement or NDV infection.

A20 interacts with NAK/TBK1 and IKK-/IKKe

Because NAK/TBKI1 is a common regulator of TLR- or virus-
induced IRF-3 activation, we next examined interaction of A20
with NAK/TBKI1 and found that A20 was coimmunoprecipitated
with NAK/TBK1 (Fig. 3A). In addition, A20 was associated with
another IRF-3 kinase, IKK-i/1KKe (Fig. 3B). Interestingly, when
A20 was cotransfected with NAK/TBK1 or IKK-i/IKKe, A20 was
found to migrate more slowly in immunoblot studies (Fig. 3, A and
B), as had been shown for TRIF, which associates with NAK/
TBK1 (12). A20 has a deubiquitinase domain at the N terminus
and repeated zinc finger domains at the C terminus (Fig. 3C). Pre-
vious studies demonstrated that TNFR-associated factor (TRAF)2
and TRAFG6 interact with the N terminus of A20, whereas A20-
binding inhibitor of NF-«B interacts with the C terminus of A20
(13). NEMO was reported to interact with both the N and C termini
of A20 (24). To determine which functional domain(s) of A20 is
required for the interaction with these kinases, we generated de-
letion constructs capable of expressing the N terminus (aa 1-378)
or C terminus (aa 379-790) of A20 (Fig. 3C). Immunoblot anal-
yses detected these mutants at expected positions, although the
level of expression of the N terminus of A20 was higher than the
others (Fig. 3D). Immunoblotting studies coupled with immuno-
precipitation revealed that NAK/TBK1 and IKK-i/IKKe interacted
with the C-terminal zinc finger and N-terminal deubiquitinase do-
mains of A20 (Fig. 3, E and F).

Because A20 interacts with NAK/TBK1, which phosphorylates
IRF-3, we examined whether A20 inhibits NAK/TBK1-induced
IRE-3 phosphorylation. Immunoblotting with phosphospecific
anti-IRF-3 Ab following native PAGE demonstrated that NAK/
TBK I-induced phosphorylation of IRF-3 at Ser*®S, one of the im-
portant residues for the dimerization of IRF-3 (5), was impaired in
cells expressing the full length or C terminus of A20 (Fig. 3G,
upper panels). In contrast, NAK/TBK1-induced phosphorylation
of IRF-3 was not inhibited in cells expressing the N terminus of
A20. As reported previously (7), slowly migrating, multiply phos-
phorylated species of IRF-3 were detected by SDS-PAGE fol-
lowed by immunoblotting with phosphospecific or conventional
anti-IRF-3 Abs when IRF-3 was cotransfected with NAK/TBK1,
and these modifications were weakened by coexpression of the full
length or C terminus of A20 (Fig. 3G, lower panels). We verified
in transfection studies that the biochemical activity of each A20
domain correlated with the functional requirement for inhibition of
TLR3- or NDV-induced ISRE-dependent transcription (Fig. 3, H
and I). The C-terminal zinc finger domain of A20 suppressed
ISRE-dependent transcription induced by TLR3 stimulation or
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FIGURE 3. A20 interacts with NAK/TBK1 and IKK-i/IKKe. A and B, 293 cells were transfected with 5 g of the indicated expression plasmids for
24 h. Total amount of plasmid (10 ug) was kept constant by addition of pcDNA3. The cell lysates were subjected to immunoprecipitation with anti-FLAG
Ab followed by Western blotting with anti-HA and anti-FLAG Abs. IP, Immunoprecipitation; WB, Western blotting. The asterisks indicate nonspecific
bands. C, Schematic representation of wild-type (WT) and mutant A20 proteins (N and C). The mutant N encodes the N-terminal 378 aa (1-378) and
contains the deubiquitinase domain (DBU). The mutant C encodes the C-terminal 412 aa (378-790) and has seven zinc finger motifs (ZF). D, 293 cells
were transfected with the indicated expression constructs. Cells extracts (10 pg) were subjected to Western blotting analysis with anti-HA and anti-actin
Abs. Ctl, Control vector transfection. The asterisk indicates nonspecific bands. £ and F, 293 cells were transfected with 5 g of the indicated plasmids for
24 h. Total amount of plasmid (10 ng) was kept constant by addition of pcDNA3. The cell lysates were subjected to immunoprecipitation with anti-FLAG
Ab followed by Western blotting with anti-HA and anti-FLAG Abs. The asterisks indicate nonspecific bands. G, 293 cells were transfected with indicated
expression plasmids. Total amount of plasmid (2.25 pg) was kept constant by addition of pcDNA3. Twenty-four hours after transfection, whole-cell extracts
were prepared and subjected to native PAGE or SDS-PAGE. Each membrane was sequentially probed with the indicated Abs. H and /, Reporter assays.
293/TLR3 cells (H) and 293 cells (/) were transfected with 1 ug of the indicated expression plasmids along with pEF!-/acZ and pISRE-luc, and then treated
with polyIC for 3 h (H) or infected with NDV for 12 h (/), respectively. Ctl, Control vector transfection.

NDV infection as efficiently as the full-length A20, whereas the N
terminus of A20 failed to do so.

fection, whereas it barely caused additional ISRE-dependent tran-
scription in unstimulated 293 and 293/TLR3 cells or in 293/TLR3
cells stimulated with IFN-« (Fig. 4, B and E). Similar results were
obtained with HeLa cells (Fig. 4C) and immunologically relevant
THP-1 cells (D). Consistent with the ability of A20 to suppress

SIRNA to A20 enhances the signal-induced IRF-3-dependent
transcription

To verify the role of endogenous A20, we generated a siRNA
expression construct capable of knocking down the A20 expres-
sion. Expression of siRNA specific to A20 effectively reduced the
level of transfected A20, whereas it did not affect that of IRF-3
(Fig. 4A). Expression of this siRNA specifically enhanced ISRE-
dependent transcription induced by TLR3 stimulation or NDV in-

NAK/TBK1-induced ISRE-dependent transcription (Fig. 2A4), expres-
sion of siRNA to A20 enhanced this transcriptional activation (Fig.
4F). In contrast, it did not alter the constitutively active IRF-3 5D
mutant-induced ISRE-dependent transcription (Fig. 4G). These re-
sults indicate that endogenous A20 negatively regulates IRF-3 signal-
ing following initial stimulation of the system.
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FIGURE 4.

Suppression of A20 expression by RNA interference enhances the signal-induced IRF-3-dependent transcription. A, 293 cells were trans-

fected with 500 ng of pU6-Ctli or pU6-A20i along with 100 ng of pcDNA3-HA-A20 and 100 ng of pEF-HA-IRF3. Cells extracts (10 pug) were subjected
to Western blotting analysis with anti-HA and anti-actin Abs. Ctli, Control siRNA; A20i, siRNA specific to A20. B and C, 293/TLR3 cells (B) or HeLa
cells (C) were transfected with 500 ng of pUG-Ctli or pU6-A20i along with pEF1-lacZ and pISRE-luc. Thirty-six hours after transfection, the cells were
stimulated with polylC or IFN-« for 12 h. D, THP-1 cells were transfected with 1 g of pU6-Ctli or pU6-A20i along with pEF1-lacZ and pISRE-luc.
Thirty-six hours after transfection, the cells were stimulated with polyIC or IFN-a for 8 h. E, 293 cells were transfected with 500 ng of pU6-Ctli or
pU6-A20i along with pEF1-lacZ and pISRE-luc. Thirty-six hours after transfection, the cells were infected with NDV for 12 h. F and G, 293 cells were
transfected with 50 ng of pcDNA3-FLAG-NAK (F) or 15 ng of pEF-p50-IRF-3 5D (G) along with indicated siRNA expression plasmid, pEF1-lacZ and
pISRE-luc for 36 h. The harvested cells were subjected to luciferase reporter assay.

Discussion
Previous studies identified critical mediators in TLR signaling
pathways that play important roles in innate immune responses. In
addition, recent reports showing that mice deficient in suppressor
of cytokine signaling-1, IL-1R-associated kinase M, or ST2, a neg-
ative regulator of NF-«B signaling, are hypersensitive to endotoxin
shock, strongly suggest that negative feedback regulation of TLR
signaling is important to protect the host from excessive immune
response (25-28). Because IRF-3 is known to mediate endotoxin
shock or virus-induced cell death, the IRF-3 activity should also be
strictly controlled (29, 30). Several negative regulators of TLR-
triggered NF-«B signaling were identified, but those of IRF-3 sig-
naling have not been described except for IRF-2, which competes
with IRF-3 for the recruitment of CREB binding protein (31). In
this study, we have demonstrated for the first time a negative reg-
ulation of IRF-3 signaling triggered by TLR3 engagement or virus
infection at the level of IRF-3 kinases. Because A20 was identified
as a polyIC- or LPS-inducible protein (13—14), A20 might partic-
ipate in the negative feedback regulation of IRF-3 signaling. Thus,
our present study provides a molecular basis for a role of A20 in
evasion of fatal excessive immune response in hosts suffering from
virus infection. Pitha and colleagues (32) reported that pretreat-
ment of cells with LPS impaired virus-induced phosphorylation
and subsequent nuclear transiocation of IRF-3. Because A20 is
induced by LPS stimulation, our results that A20 interferes with
the NAK/TBK1 and IKK-i/IKKe-mediated IRF-3 signaling could
partly explain the impaired IRF-3 activation after LPS treatment.
Studies using A20-deficient mice will clarify the roles of A20 for
the negative regulation of antiviral innate immune responses
in vivo.

We showed potent suppression of the IFN-f3 promoter by A20.
This may partly be due to A20 inhibition of NF-«B activation (data

not shown). Because A20 was reported to inhibit NF-«B activation
through TRAFG or receptor interacting protein, which transduce
signals from TLR3-TRIF and interact with NEMO, it is reasonable
to assume that A20 interferes with the TRAF®6, receptor interacting
protein, and NEMO signaling axis triggered by TLR3 stimulation
or virus infection (12, 13, 24, 33, 34).

We have demonstrated the important role of the C-terminal zinc
finger domain of A20 for inhibition of IRF-3 activation induced by
TLR3 stimulation or NDV infection (Fig. 3, H and /). The C ter-
minus of A20 interacts with NAK/TBK1 and inhibits NAK/TBK1-
induced phosphorylation and subsequent dimerization of IRF-3
(Fig. 3G). In contrast, the N terminus of A20 does not inhibit
NAK/TBK -induced IRF-3 activation, although it also interacts
with NAK/TBKI. These results indicate that A20 inhibits NAK/
TBKI1 from phosphorylating IRF-3, and that this inhibition cannot
simply be explained by the binding of A20 or A20 mutant to NAK/
TBKI. Beyaert and colleagues (33, 35) reported that the C termi-
nus of A20 was also required for the inhibition of NF-kB activa-
tion, and that the zinc finger motifs of A20 compensate the
function each other. However, the functional consequences of the
A20 C terminus remain to be clarified, and further study will be
required to define the molecular mechanism responsible for the
inhibition of IRF-3 activation by A20.

Recently, several proteins that contain A20-like functional do-
main were reported. Cezanne and Trabid share deubiquitinase and
zinc finger domains with A20, and Cezanne inhibits TNF-a-in-
duced NF-«B activation (36). ZNF216 is another A20-like protein
that has zinc finger domain and inhibits TNF-a-, IL-183-, and
TLR4-induced NF-«B activation via interaction with NEMO (37).
It would be interesting to examine whether these A20-like mole-
cules also regulate IRF-3 activation.
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We have developed an original vector library that
allowed us to exploit the phenomenon of RNA interfer-
ence but also allowed us to avoid the confounding ef-
fects of the interferon response. In the present work,
we used our library of small interfering RNA expres-

~sion vectors to examine the genes involved in apo-
ptosis that was induced by double-stranded RNA. To
our surprise, screening of our library revealed two
novel double-stranded RNA-induced apoptotic path-
ways, a JNK/SAPK-mediated mitochondrial pathway
and an ERK2-related pathway, both of which appeared
to be independent of the serine-threonine protein ki-
nase-dependent caspase pathway. We also found that
MST2 and protein kinase Ca both activated the pro-
apoptotic signal mediated by ERK2. The results of our
screening analysis suggested the utility of large scale
screenings with libraries of small interfering RNA ex-
pression vectors.

RNA interference (RNAi),! reported originally by Fire et al.
(1), is a phenomenon whereby small double-stranded RNAs
(dsRNAs) induce the degradation of corresponding target
mRNAs. When dsRNAs are introduced into cells, they are
processed to yield RNAs of 21-23 nucleotides with overhangs of
2 or 3 nucleotides at their 3’ ends. These small interfering
RNAs (siRNAs) (2, 3) are integrated into the RNA-induced
silencing complex, and the RNA-induced silencing complex
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binds to the complementary target mRNA with subsequent
degradation of this mRNA (3). However, in mammalian cells,
dsRNAs also have nonspecific inhibitory effects, which are
known collectively as the interferon response. The use of syn-
thetic siRNAs allows cells to escape the interferon response (2),
and such siRNAs are used for the induction of RNAi in mam-
malian cells. However, synthetic siRNAs are not stable over the
long term in cells, and their synthesis is also very expensive.

Several groups, including our own, have circumvented these
problems by developing systems for vector-based RNAi (4-10).
This approach enables the maintenance of RNAi activity for
much longer periods than can be achieved with synthesized
siRNAs, and thus, siRNA expression vectors increase the pos-
sibility of the application of RNAi as a practical approach to
gene silencing.

There are two types of siRNA expression vector, the tandem
type and the hairpin type. The hairpin type (11) has sense and
antisense nucleotides in a single chain, connected via an loop
sequence, whereas the tandem type (12) has separate sense
and antisense sequences. Hairpin-type vectors allow rapid for-
mation of stable hairpin structures with strong suppressive
activity. By using a hairpin-type siRNA expression vector, we
succeeded in constructing a vector system that was genetically
stable and had strong suppressive activity (12).

The induction of apoptosis by dsRNA is remarkable, not only
with respect to the interferon response that is associated with
RNAi but also as a mechanism by which mammalian cells
protect themselves against viral infection. However, the rele-
vant mechanisms are poorly understood. It has been demon-
strated that interferon (IFN) and dsRNA induce programmed
cell death or apoptosis in mammalian cells (13). When dsRNA
or a virus is introduced into a cell, the host cell induces the
synthesis of IFN as a defense mechanism. IFN is a type of
cytokine that induces the expression of a number of intracel-
lular genes for the prevention of viral invasion and facilitates
the apoptosis of infected cells. IFN induces expression of a
dsRNA-dependent serine-threonine protein kinase (PKR) (14),
which regulates protein synthesis via phosphorylation of the
a-subunit of eukaryotic initiation factor 2a (15), with resultant
apoptosis. PKR also functions as a signal transducer to mediate
the activities of transcription factors, such as nuclear factor «B
(NF-kB) (16). PKR might also regulate the activities of apo-
ptosis-related proteins, such as p53 (17) and Fas (18, 19), and it
plays a role in the activation of the caspase pathway (20).
However, full details of the dsRNA-induced apoptotic network
remain to be defined.
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In the present study, we attempted to identify components of
the dsRNA-induced apoptotic pathway by using our library of
siRNA expression vectors. We screened ~700 vectors that were
targeted against 241 genes, which included genes for apo-
ptosis-related proteins, kinases, transcription factors, and
other proteins, and we identified several interesting genes, for
example, genes for proteins in the Bel-2 family and the mito-
gen-activated protein kinase (MAPK) superfamily (JNK/
SAPK, ERK1/2, and p38 MAPK). We show here that the
dsRNA-induced apoptotic pathway is composed of at least three
independent pathways as follows: the “classical” PKR-depend-
ent pathway; a JNK/SAPK-mediated mitochondrial pathway;
and an ERK2-related pathway. Contrary to a previously ac-
cepted hypothesis, ERK2 promoted dsRNA-induced apoptosis.

EXPERIMENTAL PROCEDURES

Construction of siRNA Expression Plasmids—The construction of
siRNA expression plasmids was based on the pcPUR hU6 vector
(iGENE Therapeutics, Inc.; www.iGENE-therapeutics.co.jp). The vec-
tor includes a human U6 promoter, a puromycin resistance gene, and
BspMI cloning sites. Because hairpin-type siRNA expression plasmids
have higher suppressive activity than tandem-type plasmids, we pur-
chased synthetic oligonucleotides (Takara, Kyoto, Japan) in which
sense and antisense nucleotides were connected by an 11-base hairpin
loop and formed as a single chain. After annealing, DNA fragments
were ligated into the BspMI sites of pcPUR hUS.

Prediction of Target Sites—We constructed our own algorithm for the
prediction of target sites of RNAi. This algorithm is based on the partial
least squares method (12). We used the algorithm to select at least two
target sites in each gene of interest.

Culture and Transfection of Cells and Determination of Cell Viabil-
ity—We cultured HeLa S3 cells in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% fetal bovine serum and 1% antibiotics.
Transfections were carried out using Lipofectamine™ 2000 (Invitro-
gen), as described in the manufacturer’s protocol. Thirty six hours after
transfection, cells were selected by exposure to 1 pg/ml puromyein for
24 h. The pcPUR hU6 vector targeted against the Renilla gene for
luciferase and hepatitis C virus (HCV) served as a negative control.
After selection, individual populations of cells were resuspended in
fresh medium and divided among three wells in a 48-well plate, with
1 X 10° cells per well. After 18 h, 0.5 ug of poly(I-C) (Amersham
Biosciences) was introduced into cells in the presence of FuGENE™ 6
(Roche Diagnostics). Twenty four hours after transfection with poly(I-
C), cells were washed three times with PBS and fixed in 4% paraform-
aldehyde for 15 min at room temperature prior to staining with 0.2%
crystal violet.

Reporter Genes and Assays of Activity—HeLa S3 cells were trans-
fected with 25 ng of firefly luciferase expression vector (pGL3; Promega,
Madison, WI) plus 2.5 ng of Renilla luciferase expression vector and 0.1,
1, 10, or 100 ng of 50-bp synthesized dsRNA or 0.1, 1, or 10 ng of U6
promoter-driven hairpin vector that encoded a 50-bp hairpin RNA and
the control vector (pU6 and pUC 19), in individual wells of 48-well
plates. Luciferase activity was analyzed 24 h after transfection using
the Dual Luciferase System (Promega). We added empty vectors to
ensure that equal amounts of DNA were used in each transfection.

Preparation of Duplexes of RNA Oligonucleotides—By using T7 RNA
polymerase (AmpliScribe; Epicenter Technologies, Madison, WI), we
prepared sense and antisense RNAs of 50 bp that were targeted against
firefly luciferase. The oligonucleotides were purified on a 6% polyacryl-
amide gel that contained 7 M urea, with subsequent purification by
column chromatography and ethanol precipitation. The purified sense
and antisense RNAs were annealed to generate duplexes.

TUNEL Assoy—Terminal deoxynucleotidyltransferase dUTP nick
end-labeling (TUNEL) analysis was performed with an in situ Cell
Death Detection kit (Roche Diagnostics). Cells on a slide were washed
twice with ice-cold PBS and fixed in 4% paraformaldehyde for 15 min at
room temperature. After removal by washing with paraformaldehyde,
0.1% Triton X-100 and 0.1% sodium acetate were dropped on the slide,
which was then incubated for 2 min on ice. After the slide had been
washed again with PBS, 50 pl of TUNEL reaction mix from the kit were
placed on the cells, and they were incubated for 60 min at 37 °C. The
cells on the slide were then examined under a fluorescence microscope.

Western Blotting Analysis—Cells were collected and washed with
ice-cold PBS, lysed in a solution of 20 mm Tris-HC1 (pH 7.5), 1% Triton
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X-100, 150 mM NaCl, 1 mm Na,EDTA, 10 mm NaF, 1 mM Na,VO,, and
Complete Protease Inhibitor mixture (Roche Diagnostics). After sonica-
tion, the whole-cell extract was centrifuged at 15,000 rpm for 15 min.
The concentration of protein in the supernatant was quantified with a
protein assay kit (Bio-Rad) with bovine serum albumin as a standard.
Fifteen to 20 pg of protein per lysate were fractionated by SDS-PAGE.
Bands of proteins were transferred to an Immobilon™-P5? membrane
(Millipore Corp., Bedford, MA), and the membrane was subjected to
immunoblotting with appropriate antibodies. The PKR-specific anti-
body was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
The actin-specific antibody was from Sigma. The antibodies against
caspase 3, caspase 7, caspase 10, and Apaf-1 antibodies were obtained
from BD Biosciences. Antibodies against caspase 9, BAX, Bid, MST2,
PKCa, ERK1/2, phospho-ERK1/2, JNK/SAPK, phospho-JNK/SAPK,
p38 MAPK, phospho-p38 MAPK, and caspase 8 were obtained from Cell
Signaling Technology (Beverly, MA). Antibodies against VDAC were
purchased from Oncogene (Cambridge, MA).

Quantitation of the Release of Cytochrome ¢ from Mitochondria—
HeLa S3 cells were washed with ice-cold PBS, resuspended in 100 ul of
cytoplasmic buffer (10 mm HEPES (pH 7.9), 10 mm KCl, 1.5 mm MgCl,
1 mm EDTA, 0.4% Nonidet P-40 and Complete Protease Inhibitor mix-
ture), and incubated on ice for 30 min. After homogenization by passage
through a needle (25 gauge 5/8-inch), samples were centrifuged at
750 X g for 10 min at 4 °C to pellet nuclei. The resultant supernatant
was centrifuged at 20,000 X g for 30 min to generate the cytoplasmic
fraction. After quantification of protein as described above, 15 ug of the
fractionated proteins were assayed by Western blotting with cyto-
chrome c-specific antibody (BD Biosciences).

Rescue Experiment of the sSi(RNA Expression Vector Targeted against
ERK2—The construction of ERK2 expression plasmid was generated by
subcloning based on RT-PCR into pcEF9, which had an EFla promoter
and a hygromycin resistance gene. The ERK2 mutation was made by
PCR-based site-directed mutagenesis. Three nucleotide mutations were
introduced at the target sequence of siRNA expression vector without
conversion of the amino acids (G468C, C471G, and C477G), and the
resultant plasmid was named pcEF3-ERK2-Rescue. To generate stable
cell lines, cells were transfected with 8 ug of the linearized pcEF9 or
linearized pcEF9-ERK2-Rescue vectors using Lipofectamine™ 2000
(Invitrogen), as described in the manufacturer’s protocol. Thirty six
hours after transfection, the cells were selected by 100 pg/ml hygromy-
cin for 2 days, followed by changes with fresh medium with 50 pg/ml
hygromycin several times for 3 weeks. For the rescue experiment, the
two types of stable cells were transfected with siRNA expression vectors
targeted against Renilla luciferase (negative control) or ERK2, respec-
tively. Thirty six hours after transfection, cells were selected by 1 ug/ml
puromyecin for 24 h. After selection, individual populations of cells were
resuspended in fresh medium and divided among three wells in a
48-well plate, with 1 X 10° cells per well. After 18 h, 0.5 g of poly(I-C)
(Amersham Biosciences) was introduced into cells as described above.

RESULTS

Use of the siRNA Expression Vector Library Reduces the
Interferon Response~—One of the most significant advantages of
the siRNA expression library, as compared with synthetic
siRNA libraries, is the reduction in the interferon response in
transfected cells.? Although it had been postulated that the
interferon response occurs only in response to long dsRNAs and
not to siRNAs, it was demonstrated recently that some short
siRNAs could also induce the interferon response (21). There-
fore, we examined the interferon response induced by various
types of short dsRNA in detail. Fig. 1, A and B, shows a
comparison, in terms of the interferon response, between syn-
thetic and vector-derived siRNAs.

In the experiments shown in Fig. 1, we used 50-bp dsRNA
against firefly luciferase to sensitize cells. As shown in Fig. 14,
the synthesized (i.e. in vitro transcribed) short dsRNA, tar-
geted to the firefly gene for luciferase, apparently repressed the
expression of the firefly gene in a dose-dependent manner, but
the expression of Renilla luciferase was also suppressed, sug-
gesting that a nonspecific effect might have occurred because of
the interferon response. By contrast, the same short dsRNA

2H. Akashi, M. Miyagishi, T. Yokota, T. Watanabe, T. Hino, K.
Nishina, M. Kohara, and K. Taira, unpublished data.
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FiIG. 1. A and B, nonspecific inhibition by synthesized (in vitro transcribed) 50-bp dsRNA and U6 promoter-driven hairpin RNA targeted against
firefly luciferase. A, HeLa S3 cells were transfected with 25 ng of firefly luciferase expression vector, 2.5 ng of Renilla luciferase expression vector,
and the indicated amounts of synthesized dsRNA. The left panel shows the relative suppression of firefly luciferase (Fluc), standardized by
reference to the activity of Renilla luciferase (Rluc). The right panel shows the absolute activities of the firefly and Renilla luciferases. B, HeLa
S3 cells were transfected with 25 ng of firefly luciferase expression vector, 2.5 ng of Renilla luciferase expression vector, and the indicated amounts
of the 50-bp hairpin RNA expression vector. The left panel and the right panel show the reductions in relative luciferase activity and absolute
luciferase activities, respectively. Each experiment was performed in triplicate, and the results are shown as means + S.E. C, results of TUNEL
assays. The two images on the left show cells transfected with dsRNA (poly(I-C)). The yellow arrowheads indicate apoptotic cells. The right pair
of images shows untreated controls. D, HeLa S3 celis were transfected with 0.5 ug of poly(I-C) as indicated. PARP and cleaved PARP in cell extracts
were detected by Western blotting. Western blotting with actin-specific antibodies was performed to confirm that equal amounts of cell extracts
had been loaded on the gel.
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Fic. 2. Inhibition of dsRNA-induced apoptosis by siRNA expression vectors directed against the gene for PKR. Hela S3 cells were
transfected with siRNA expression vectors directed against the gene for PKR at two different sites (Site 7 and Site 2) or with negative control
vectors (NI and N2). After selection with puromycin, the cells were transfected with poly(I-C). A, plates after staining with crystal violet. B,
microscopic images of cells. C, Western blotting analysis of extracts of cells transfected with siRNA expression vectors directed against the gene

for PKR (Site 1 and Site 2) and negative controls (NI and N2).

Transfection of HeLa 83 cells with library of

F16. 8. Schematic representation of
the strategy for screening for pro-ap-
optotic genes using the library of
siRNA expression vectors. The photo-
graph of wells shows an example of
screening for anti-apoptotic genes. PC,
positive control, siRNA expression vector
targeted against PKR was selected as a
positive control; NI, negative control 1,
siRNA expression vector targeted against
Renilla luciferase; N2, negative control 2,
siRNA expression vector targeted against
HCV; S1-811, sample S1-11, transfected
with individual siRNA expression vectors.
The wells surrounded by the red rectangle
contain cells that survived exposure to
dsRNA and were resistant to dsRNA-in-
duced apoptosis.

transcribed from a U6 promoter (see below for details) inside
cells did not induce the nonspecific reduction in the level of
Renilla luciferase via the interferon response (Fig. 1B). Fur-
thermore, we found that introduction of mutations (either C to
U or A to G) in the stem region significantly reduced the
interferon response that was induced by long and short dsR-
NAs.? The extent of induction of the response depended on the
sequence of the short siRNA, but it appeared to be advanta-
geous to avoid any possibility of a strong interferon response by
use of siRNA expression vectors, rather than synthetic siRNAs,
for the construction of libraries. Moreover, this feature was
especially important, for example, in attempts to analyze the

Staining with 0.2% crystal violet

siRNA-expression vectors

One vector per well

Puromycin (1 ug/ml)

24 h

1%10° cells/well

Transfection with dsRNA [poly(I-C)]

24 h

genes involved in dsRNA-induced apoptosis, which includes the
PKR pathway.

Optimization of Conditions for Use of the Library of siRNA
Expression Vectors—A useful siRNA expression library should
have strong suppressive activity and high genetic stability.
Although the hairpin-type siRNA expression vectors had
highly suppressive activity, 20—40% of our constructs acquired
mutations within the hairpin region when such vectors were
introduced into Escherichia coli. We resolved these problems by
designing vectors with several C to T (or A to G) point muta-
tions in the sense region. Such vectors could be sequenced
without any problems; they did not exhibit reduced suppressive



