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EANBREH RIS (BELSEREMETY
R - FHEEB O RNAL 2 AW BEIRTE OB

Rk 2 OFE~ 2 2FE

REVIREREE

BrEREE KB RRAESERRYE IEER

MRES

DA CEAINDSER transthyretin (TTR) AR HEBICIEE U TRIET A FIEME T
A FRY =2—a,3F—FAP) (2% L. TTR IZx4 2 siRNA & ATlig~ D EkE R
BWT T IR A NVART Z—(AV)8 Bl A FAVWT FAP £5 /4~ A KU hATHIRR
FRATRYRARA = I A PN~EEEZRS, TIR OFRBLE B OBE T2 Z
EITELZh L, shRNA @ FAP ~OEERE I K E 72T 2 B L AMZ L=, 2) 3 CIThi%
L7 shRNA BRI b7 VAV =y 72 T ZADRKIZE W T, ZVEE T OBRELIMET
WHoTh, RMFOBEGERORIER L L THA EH7- nicroRNA OiBEIfFnLhE
IRV EZBGMNIZ L, shRNA OMREMR BA~O BRI HOREBY L2+ R L
7oo 3) MIEFONEEY FREHE 7 #—& LT short-interfering RNA (siRNA) %
NEAFRFRE ST 5 Z & CThaBEMRIZBIT 2B FREREME T2 FEEHER LT,
4 EREICNERY REAEZ A7 Z—L LT siRVNA 28RIEE 35 2 & OIS N &
FRICBIT 2B TFRELZMHIT 5 HELBRR L, Alzheimer 5, IHFEZE, ZRMEMEIE
EWVo etk e RMRRIEBIIXT AH - BB TIRE S LCHBIFRIGHL 5 5 alRett 2 8
LI LT, D) BEHHEEDOBGTEROOOEBEERLE LT, MVIBRIRY ¥ —T
AR~ D XAOIEENIZ shRNA 25T 2 HEIZL D, shRNA (2 X B RFEME 2 [H8E LT
BFIRG CTEMNBETEZMHI T, EREFHRE COBEBGTFIREOMREMLEL T L, 6) Tl
M ALS OBBFIRROT-DOEBERE LT, D=7 PAOSEBRTAMEIC AAV]
R 7 —THAR TDP-43 ZERFHR I, ETHORIBESREL RIEI®DLZ &

IZRREh L. JRBRERIC 7 = F/MEAE cystatin—c BRMEEER ZREEGE 2R LI,

A, BB

SiRNA Z W TEEHEDO MR EMR A,
TR R B NI B REZE ¢ siRNA/shRNA
X BDEBETIEEEITY.,

B. WREFE

1) AAV <2 Z—{E®LL : anti-TTR short
hairpin RNA(shRNA) BRI~ % —7F Z 3
K., Robr—V v TFIFRIR, TF I~
NWIN=FFGAIFOIEREOTSTAI F%
HEK293 MR U BEA N 0 LB L - T
NGV R7xy gL, 48 BE# IR
FEIR, HAE - BRIEIC L > TRy ¥ —K
FEEDMRBBEERE L, 2205
AT & BIZ iodexanol %AW i-%E AR
BOEIZ L T AV R 2 — 2058k - k5l
L7ze TANAIMIE, AV R Z—150
DNA %t L. TagMan PCR {Eiz & 92 #
—Ri R ERE LT,

2) B ~D AV R Z—FE  FAP OFE
FNe T ATHDVIMTIR hTF AP =
v 7= A(TeM) RO EBE#H AT
AT AR, B=7 AN L anti-TIR
ShRNA &3 AAV X7 7 — 2 BREHIRMIC KRS
L. MWERELFCEWEROF EAHET S
EEBICREREEMIZIELR TIR 2RET 5
Z & k. FFiEAE#E O TTR mRNA @ RT-PCR iZ
X BERIZEY siRNA OF LML 7=,
3) shRNA TeM {E8 : = v R ES #MfaiC
SOD1-siRNA BERMr 2 EAL, /7 un—r %
BEIR L7, B=RIZ SOD1 & /37 OFRBE P
HlLizZa—rhbX A5~ AR {ERL
B6 DT EDLRIZLD FI ~7 255
77o KBS small RNA 2B LT, &
microRNA @ Northern blotting, let-7a @
EH)4>F N-ras, N-myc mRNA @ RT-PCR |2 &
HEEBREEIT- T,

E7-. V3OM TTR TgM i >\ TR LB K%



ATHEF LN b a5 W&, b MF
HRERA TS TR T 2=y 7 AL A0
A LT,

4) AR~ siRNA 7 U /X 1 —
~ 7 A BACEL {Zx}3 % siRNA #FER) & L7z
U RH 2T, T T ARG 29 HHE
® siRNA Z&&Ft L, 7o F B AEH 5 M
WhavZza—LEZ#EE L0, BLY
RO 5 WA Cy3 THEEE#RLEZDL
DEEMR LT, HDL id~ v A L v Bz
DEIC L DB TR O S O &
L7-, Toc-siBACE # HDL ¢ 2/ E&H~ T R
%3 MMENIC 7 HREFHR G L, £O%hE
Rt L7,

5) AL B~ siRNA 7 U /3 ) — :
Ao PN TR I 3 N B2 BRI D BB D
organic anion transporter (0AT3) Z &R
BErE Lz A2 BE 7oFRy
AGH 23 HHD siRNA ZERFF L. B AEHD
3’ RigiZ cholesterol #IFHHEES I 7=
(Chol-si0AT3), Cy3 @k L7 Chol-siOAT3
(10mg/kg) % HDL (ZA & SH T~ XA R
AR5 6 Beff I 3 Bl G L, 24 Rfff£1Z
Hibd 2 i H U 0N S 4o 1 A S BE L. A I
ENEMAET 0AT3 B Tl 2h R % KRGk
L7,

6) FHAH~D siRNA 7 U XY — : FHAIR
< 7 ZARERENIC SODI A AEAYE L -
1x10E11vg @ shRNA F&Ei, AAV9 25 L T 4
e, AFhg, OFh. B OCHRIDEER, .
INAKARNY 7)) OB E SODL Dy
AH T ay b, RI-PCR, /¥ 7oy k
ITWE DR A HIE LT,

7) ALS Y LETFLERL - Flag TR L=
bt b TDP-43 FHL AAV1 2 =7 A YILITHE
flE L. {TEVEAT & . IE RO KR
HREAZBI o7, X OICHRMMRA A
PR FRICRB L=, =74V LFHE
WY b A~ fERk L. anti-cystatin—c
rabbit polyclonal antibody (DAKO) % H
W TR L IR R 21T o T,

(B ~DHELE)

T _TOENY) FEBR T B R E B R 8
MEREZR S, ERLENFERTERRE
VE—DERELFAIEHTITRY, BHO
TR AERSRKRBOE A LT,

C. FFZERER. D. B8

1) siRNARBT T /HEEVANARS &
— % FV 7~ FAP OB {xF a5
(a)FAP EF L~ ZA~D 5

FAP ORFBHIERLTHD V3OM R T X
A VLVF TR ERICH LR
shRNA (#172) , R OVERIZxF U CTIEIEFFRAY
TH 5 DRI h= OEIL 7= shRNA (#351) D
2 FEEHD shRNA 27 %A > L7z, RFlgicxt
U AR AR B O E Uy AAVS F & v V3OM
TTR TgM ~~ anti-TTR shRNA J&EL AAVS U~
7 % —% 5x10'"v. g. /body, 5x10'"v. g. /body
OHETHREI2GEE L, W4T THI
TER %M 5 & & HICREFICMEL 2
TTR Z#llE L7,

FODFEHE,. #172 shRNA/AAV8 DIEHE T
IXIHIRIIE SN o T E & T
K 80%LL LD IMIEZA S TTR HHIh R 315G 6
. FOMEIIH 4 » AL ORI L
77, #351 shRNA/AAVS O & & TiE 90% D)
FIZDENGF SN0, Bh 2 KXY —il
M PR RERE A RO M 2R b 5 Wk &
DREIZHIT L T oo, (KHETIZREIME
72 < #172 shRNA/AAVS D & & 1FIEE
HOMEPELN (K1),

=== #172 sShRNA/AAVS 5x10" v.g./body
" #172 SARNA/AAVS 5x10' v.g./body
™ #351 sShRNA/AAVS 5x10" v.g./body
== #351 ShARNA/AAVS 5x10" v.g./body
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# 3D~ 7 AT TTR mRNA D E &I K&
S>THHERTE TWWAD (data not shown),

AR TR O 12 H % O &h B
55 & AR E IR HRE D H D miRNA B FIfL
T RIZAHTH LD TH-T2, BEL



WUNCHEST A2 LiIck ., Rl EHM
DR TR #FEICMEIT 5 Z LN ARET
HDHZEERAMIRET,

(b) & MFHIRES 2 T~ A~D L

shRNA B AAV X7 % —D A fME% FAP
ETNITANDEEGTRTZENTE T,
T, 2 shRNA JEHL AAV R ¥ —D k&
MIBTLHEIMEEZRIET 2 BRI THEE#HR
bt MFMax A T~ 7 A~O& 52 AT,

mEEfE TS A T~ T R THREAR
EFEE~ 7 R SO A B L.
< 7 AJFHE D 70-90%LL EANIER & b AR
ICEEXHMI N~V ATHD,

ZDF AT~ Z|Z#351 shRNA/AAVS %
BE LAY ZME TIR @ Western
blotting T #F ffi L 7= & Z A |
5x10'v. g. /body Dt 58 THEV e k TTR D
FIEI RO N (X 2),

5x10" v.g./body  5x10" v.g./body

WT

Pre 1w 2w 3w 4w

.

Pre 1w 2w 3w 4w

Human TTR
Mouse TTR

2 IM{ETTROWB
5x10'v. g. /bodyD ¥ 5- & Tt FTTROFEJMHIZH R A
BHbLNT,

EHIZ, FAT T ROtk R X
AL 77 siRNA 7 > F & > & #4 7 Northern
blottinglzc X W #EREE L (K3 A) . Bk
TTR mRNADRT-PCRIZ L B EEIC L > TH
5x10''v. g. /body D % 5- & TI0% LA D FA
EiomEhE N R TEx 2 (K3 B) ,

bt MiFfifE T~ XHWB]H@ LR CHEZ
M+ SIRNAFEEL 2 15 5 72 DI 1T 108 D AAV
A VBT, AAVS|Z iétb%fu% v
— DO shRNAR IR OFEFE L B 2 BTz,
FFefii iR B A-ChFIARR A b1 el . &

WA 72 e FTTRBRFINHI 2D R 2315 5
iz,
() & MIFMIES 2 T~ A~D#E

J1 =2 A4 H/xt L anti-TTR shRNA J&#i
AAV8 BRI 2 —% 1.0-6.25x10" OFAET
REARAIC 2 HEICE S L, g TTR OFF

EhamtlhRERESN- (K3 C), BIEM
ITEAEERERTALT O AR R NN
*1@[‘%(&)0710

siRNA
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K3 *AF7~vARFMEICIITS anti-TTR siRNA 3
(A) & & b TTR mRNA REMHEI B) . =27 4 LD MIBEE
B TRy (BRI ()

2) E# shRNA s 2t DRt
EVER B % shRNA TRIZFIAFRT 5121
shRNA OEHIFHIZ L V| microRNA & FIf
L DBEIERARE SN D DT, $TIC
W L7= SOD1 shRNA HHEB F T 2V =
v 7= 7 ZADRIZIBVNT, microRNA DFEH,



ZRRET L7z,

shRNA TgM @ KM T 80%LL > SOD1 &ix
FRBEIME DR D T2, LetTa R
miR-124a @ microRNA FEELELZF DIER Sy
+ N-ras, N-myc OFRIBUZELN/2NZ &
ZEAOGIZLE (K4), ZOFEEIHK~D
shRNA D E#IDO Bz L > Tt shRNA O
0 A A AT 5 microRNA DT
BEEMN 2, MRAEMERBIZEIT D shRNA
DEERICH O &M% LT,

A Cerebrum c Cerebrum

WT TG WT TG
2 3 1 2 3
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N-ras/GAPDH N-myc/GAPDH
Cerebrum

4 shRNA PS5 v RV z=v 7<= ZX0OREM
microRNA F . (A), let—-Ta DIEH)4yF N-ras, N-myc mRNA
(B), N-ras # /%7 OFEE

3) AR ~D siRNA 7 U XY — 5k
DBHFE

ezt~ R 3 IEWNIZ Toc—siRNA HLAH
F 721X HDL & F5A 7= Toc-siRNA % (%L
B & LT siRNA 2 mg/kg. lul/hr OHEFET
BBEBERTITEY 7 HME®R G LT,
Toc-siRNA % HDL LfEESHEDHZ EITLD
i A R IR L Z IR #2072 siRNA DB
ViIAZDBBRD BN (K5)

Toc-siRNA/HDL

Free Toc-siRNA

K5 MAP2 T~V L7-¥ER CA3 #EMIAE MR E I
Toc—siBACE/HDL (Cy3 #R) B R b7,

siRNA HR YV 5AZ Bt ERAL 0D qRT-PCR (2 &
LR TIX, 2> ba—aioxt L THEBIC
BT Toc—siBACE vs. Toc—-siBACE/HDL, 6
vs. 36%. BETEZE|Z BT 13 vs. 64% BACE1
mRNA DBE -0l 2345 H a7z, BACEL # &
/N7 1% Toc—siBACE/HDL Z##5 L/~ A
DOFETEZER BT 52%D B INHI 2315
b (X6),

PBS infusion
Non-target Toc-siRNA
Toc-siBACE

KB B (T3
2 g

BACE1 MRNA level

Free HDL

, KB BLR (RTIK)

Control  Toc-siBACE/HDL & '

e N

1

p-tubulin

Relative BACE1 protein level
° -
b

K6 K. KBEE TOD Toc-siBACE/HDL # 51 X
% BACE1 Ml %0,

A RO F1ETH BT B imFIHI R x
BRTO0EETHoT, TANARTH
—(Z & % shRNA % FV /= 3% CTIZ BACEL @ 40%
DOIHEN X 0 [FAEIC AD BEREE A 2 5
ICHESE D Z L, YA REEERER
WM AD TAPP B3 1 7 U L OEMETH
ET D Z LR EN D 60%HT14 DB Ais 1]
DRI BOFHEAWETHZ M
FFTE D,

4) MMfmENEMEE~?D siRNA T U Y
—HEDB%

AR LRORHmIC BT, HDL 20 & RS
LCTH#E Lz & EIClE N iaiz > 7
Tl EgEIn (17),



(Scale bar = 100 um)

(Scale bar = 20 ym)

B 7 Cy3 %M Chol-si0AT3 (10 mg/kg) % HDL LiBA L
TEARNE S L | Fef# 2B 2 MEEEOMBRET R
von Willebrand (vWF) [KI-T-HUf Tox & A7 M & N B2 4
RO E I —F Lz Cy3 v 7/ z2iRdbi,

Chol-siOAT3 %%éﬂm‘i 7-1X LDL LBA&L
TG LS A TR B 2B E B
%muy)tff)‘/)'f:_ﬁ‘ HDL ERE L THEL
7=8% & 121X Chol-siOAT3 D # ¥ 5 & 2
lOmg/kg D& X 20~30%, 30mg/kg D& &
12 50~60%& N5 B AFMED 0AT3 mRNA
DORBUK T 27BDH7- (X 8a, b),
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0 T
3mg/kg 10 mg/kg 30 mg/kg unrelated HDL
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Chol-siOAT3 + HDL +HDL

8 Chol-siOAT3 (10 mg/kg) ZBEMTEiXY REH
EERA LT 12EMB X 3 E#RAIRE L, Bk&EEH
B 6 B2 ICEEE L 7= 2%12331F % 0AT3 mRNA @ RT-PCR
(a) HDL & JRA L THEE L7256 O K9 50%0 0AT3 mRNA
@ reduction AFE.Hi7-, (b) HDL LB L THE LT
LBAICIIRBEKREHEOZE LS S L. unrelated
Chol-siRNA & HDL &{RE L T#ch L= &I iIsh Er s
Lotz

5) BHMHIIXT HENBEFHHEIFED
DERFE

iR~ 7 A~ shRNA %681 AAVO % B #FAk2)>
L¥ETBH L, BE 4 EZOIFETIZ 90%
LA @ SOD mRNA IR 2 FE DD, BHEH
TOMHFIL 30~40%I2L EFED, BT
EIRED AV 2% 53 % L EE e AT HRekE
ENAECT, —FH, FiER~ T ZAERERNIC
AAVO ZF: 5. LT 4 #t%., AT T SOD1 #1
HIRIFAK o T2, BT (NAARY &
) TIZRNA, Z 22327 L~UL & 128 T0%
mETcEZ (K9), SHIZRETERIZOWT
X, %Mzb%v r7 AHERENEE G- TIIREFICR

W<, Mg EI’JIJLoJ:Uf‘fE%EVJ t AT
‘L-‘HfJ\ M% r"ﬁ%why)focz)‘ofx—o

SOD1-siRNA @%Efﬁ%uﬁf\f_ LA D
L BHEAS TIL siRNA 235 B L T\ = DI xt
L. BFli&Ti% siRNA OFRENIT & A KB
bRy Tz, BTl T siRNA DI BE L
B IAEBRITES DEH LT A NVART ) A
DHREINDZ ENEZLNT,

A Northem blotting analysis B. Quantitative RT-PCR

™ control

= anti-SOD1
‘ shRNA AAVO

Hamstring Quadriceps Cardiac  Liver
muscle

antisense = - - 21 nt

SODI mRNA level

1\
o
N RS (.
s o @e ¢

Hamstring Casdiac mmscle Liver

[X19 AAV9-shRNA % %4 RN 51T - T 4 BE DR
BT DR & EARAS T SsiRNA IEFEL L TV A8, Tl To
Zélmirﬁﬂufﬂ‘tm\f (A), siRNA BEHL TV D
O & BREER THEIh RN E o 72 (B, 0),

AfE BT shRNA Z8 3 AAV9 O 2 F#% 5T,
Ofh & B CEERE R TR BLZ A/ B2
HINTELMDOTORIFITHY . 5#%IT
Z DR EE o THRRMEIR B OIRERIE DM
A BT,

6) ALS Y EF AAERL

TDP-43 Z i@ § 5 & 7= K (n=3) TIZX
T T OEAET AAV FEAELLR 2 B B1EA
MIOFIRLIZHEITYEDO BB 2 4 Uhfish, 438



BT R EEOEEME, FHIEE
BRE L R oTo, RIFMBREEREICBW
TEFHRABOBAEEEMIFE S
N7 2olz, ALS BE ORI Tk,

7= MK & MEE R S RN BRI R A Y
RS AL, EOWAE T CysC TH D, %
T, CysCHBEERWTRER T e 2
A, b b TDP-43 # R B9 5 FHEaIA wR
Balz—%r L C CysC [ PEFERI S 5RO b
B LEBNEBENE R0, T =F/MEIT ALS
DRBIRELNew—h— L S, YT
T M T =F/NERRD CysC BRI 23
MEBIN=Z b, BIFSEHEORRIZ
X o THAAEH L=t k TDP-43 3E A

=7 A FNE, FERICENTZ ALS £ 5 L E)
MThHdHEEBEZLNI,

E. %5

1) =7 RAETABLIOE FFHEIZEWY
T shRNA (2 X3 in vivo $h%& L. FAP
\Zx4 % shRNA EZTIREORAMEZAS
AT LTz,

2) HMREMEBROIBE TR INDEH
@ shRNA FEE4Z X % microRNA B FIAIFIZN R
ASELEEATREZR = L & ShRNATgM % FHWCoR
L7,

3) NEHV AREBZHNW & —L L
THWT, BMERNKREIZED Toc-siRNA %
FHRBER~, BFRNESICTLY
chol-siRNA % X & N FRE LAEER B 1
OIHENZRKEH L=,

4) shRNA % AAVO (ZHHIGABF AR < T X
DEERNER ST 2 LT, BRG TEME
BRI L, BEEHEEIIRT S
shRNA B FBRBEDTEEMEZ R L7z,

F. REEfEBRIEH
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Efficient In Vivo Delivery of siRNA to the Liver by
Conjugation of a-Tocopherol

Kazutaka Nishina'-?, Toshinori Unno', Yoshitaka Uno', Takayuki Kubodera'?, Tadashi Kanouchi',

Hidehiro Mizusawa'? and Takanori Yokota'

! Department of Neurology and Neurological Science, Graduate School, Tokyo Medical and Dental University, Bunkyo-ku, Tokyo, Japan; 221st Century
Center of Excellence Program on Brain Integration and Its Disorders, Tokyo Medical and Dental University, Yushima, Bunkyo-ku, Tokyo, japan

RNA interference is a powerful tool for target-specific
knockdown of gene expression. However, efficient and
safe in vivo delivery of short interfering RNA (siRNA) to
the target organ, which is essential for therapeutic appli-
cations, has not been established. In this study we used
a-tocopherol (vitamin E), which has its own physiologi-
cal transport pathway to most of the organs, as a carrier
molecule of siRNA in vivo. The a-tocopherol was cova-
lently bound to the antisense strand of 27/29-mer siRNA
at the 5’-end (Toc-siRNA). The 27/29-mer Toc-siRNA was
designed to be cleaved by Dicer, producing a mature
form of 21/21-mer siRNA after releasing a-tocopherol.
The C6 hydroxyl group of a-tocopherol, associated with
antioxidant activity, was abolished. Using this new vector,
intravenous injection of 2mg/kg of Toc-siRNA, targeting
apolipoprotein B (apoB), achieved efficient reduction of
endogenous apoB messenger RNA (mRNA) in the liver.
The downregulation of agpoB mRNA was confirmed by
the accumulation of lipid droplets in the liver as a phe-
notype. Neither induction of interferons (IFNs) nor other
overt side effects were revealed by biochemical and path-
ological analyses. These findings indicate that Toc-siRNA
is effective and safe for RNA interference-mediated gene
silencing in vivo.

Received 13 October 2007, accepted 7 january 2008, published online
12 February 2008. doi:10.1038/mt.2008.14

INTRODUCTION

Short interfering RNAs (siRNAs) have potential for therapeutic
application in a wide spectrum of disorders including cancer,
infectious diseases, and inherited diseases. Effective in vivo deliv-
ery of siRNAs to the specific target cells is the most important
challenge in respect of clinical applications. In vivo gene silenc-
ing with RNA interference has been reported using either viral
vectors' or high-pressure, high-volume intravenous injection of
synthetic siRNAs,** but these approaches have limitations in clini-
cal practice because of their side effects. Accordingly, a variety of
nonviral systems are being developed for delivery of siRNA to
liver, tumors, and other tissues in vivo.

Recent work in the area of nonviral delivery of synthetic
siRNAs has used cationic liposomes** or nanoparticles.” Among
these approaches, the most efficient systemic administration was
achieved using stable nucleic acid lipid particles.' However, a
therapeutic dose (2.5mg/kg) of these particles, when adminis-
tered in cynomolgus monkeys, caused marked liver damage.* A
key drawback of cationic liposomes and nanoparticles is that their
physical lipophilic property promotes passive transfer of siRNA
complexes to the liver, potentially causing toxicity. More recently,
a new class of receptor-mediated siRNA vectors, consisting of
a synthetic compound and a ligand, has been reported. These
ligands are (i) N-acetylgalactosamine® or galactose® ligands that
target asialoglycoprotein receptors on hepatocytes, (ii) apolipo-
protein A-I ligands that target scavenger receptor class B type I on
the hepatocytes,' and (iii) rabies virus glycoprotein ligands that
target acetylcholine receptors on the neurons.! These receptor-
mediated delivery systems could increase efficiency and speci-
ficity of target cells in vivo. However, the synthetic molecules of
these vectors were found to exert an immunostimulatory effect.®

We hypothesized that the most effective in vivo carrier would
be a molecule that is essential for target tissue cells but cannot
be synthesized within the cells. Vitamins fit these requirements
well, and the only vitamin that is not toxic even at high doses
is vitamin E."* a-Tocopherol (vitamin E) is a fat-soluble natural
molecule that has many physiological pathways from serum to
liver. The majority of the absorbed vitamin E is transferred into
lipoproteins including chylomicrons, low-density lipoprotein,
and high-density lipoprotein, and these constitute an impor-
tant source of plasma vitamin E for hepatic uptake (reviewed in
ref. 13). In addition, the three a-tocopherol-associated proteins
(SEC14L2, SECI14L3, and SECI14L4), and the albumin-related
protein, afamin, are known to be vitamin E-binding proteins in
the serum (reviewed in ref. 14). In this study, we have tried to
utilize these physiological pathways of vitamin E transport to the
liver as an in vivo delivery system for siRNA.

RESULTS

Design of a-tocopherol-bound siRNA

Asymmetric double-strand RNA having 2 nucleotides (nt) in
3’-overhang only in the antisense strand is good for predicting a

The first twa authors contributed equally to this work.
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Figure | Design ol s-tocopherob-bound short interfering RNA
(siRNA). (@) Chemical structure of vitamin E (a-tocopherol)-bound
siRNA. (b) Sequences and chemical modifications of a-tocopherol-
bound siRNA for targeting apoB messenger RNA (apoB-1 Toc-siRNA) or
for targeting unrelated gene (control Toc-siRNA). The lower-case letters
represent sugar 2’-O-methylation, and asterisks represent phosphoro-
thioate backbone linkage. The predicted cleavage sites by Dicer'* and
Argonaute2 (ref. 19) are indicated by black bars and arrowheads, respec-
tively. The sequences in bold letters indicate the predicted 21-mer siRNA
sequences after Dicer cleavage. Toc; a-tocopherol.

Dicer cleavage site and can therefore define the 21-mer siRNA
sequence cleaved from 27/29-mer siRNA by Dicer.”” The a-
tocopherol was covalently bound to the 5-end of the antisense
strand of these siRNAs. The chemical structure of a-tocopherol-
bound siRNA (Toc-siRNA) is shown in Figure 1a. The sequences
of (i) Toc-siRNA for targeting mouse apolipoprotein B (apoB)
messenger RNA (mRNA) (NM_009693) (apoB-1 Toc-siRNA)'"
and (ii) Toc-siRNA for targeting mouse beta-site APP cleaving
enzyme 1 (BACEI) mRNA (NM_011792) (control Toc-siRNA)
are shown in Figure 1b.

For in vivo application of Toc-siRNA, it is essential to ensure
the stability of siRNA against serum-derived nucleases. For this
purpose, we made chemical modifications with phosphorothioate
backbone linkage and sugar 2°-O-methylation on both the sense
and the antisense strands. The portions of siRNA that were pre-
dicted to be cleaved out by Dicer, i.e., 8nt in the 5-side of the
antisense strand and 6nt in the 3’-side of the sense strand, were
substantially modified. Further, in order to increase stability
against endonucleases while preserving siRNA activity,”” partial
internal modifications were made to the siRNA sequences with
2’-O-methylation, in addition to modifications at the termini.'
The Dicer cleavage sites in both sense and antisense strands, and
the Argonaute2 cleavage site'” in the sense strand were spared any
modification (Figure 1b).

Improved stability of siRNA with preserved cleaving
efficiency by chemical modifications

The naked and the chemically modified siRNA in serum were
compared for stability in vitro. With and without a-tocopherol,

Molecular Therapy vol. 16 no. 4 april 2008
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Figure 2 bnprovement in stability and preservation of cdeaving
efficiency of shart interfering RNA (SIRNA)Y after chemical modifica-
tion. (a) The stability of modified siRNA in the serum. The both-strands-
naked SiRNA (nak-nak), both-strands-modified siRNA (mod-mod),
only-sense-strand-modified siRNA (mod-nak), both-strands-naked a-
tocopherol-bound siRNA (Toc nak-nak), and both-strands-modified a-
tocopherol-bound siRNA (Toc mod-mod) were incubated in the mouse
serum at 37°C for 4, 8, 16, and 24 hours. The samples were treated
with Proteinase K and electrophoresed in 2% agarose gel. (b) Reduction
of apoB messenger RNA (mRNA) levels in the Hepa 1-6 cell line after
transfection with apoB-1 siRNA using Lipofectamine RNAIMAX. The
quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR)
analyses of apo8 mRNA levels relative to gapdh mRNA were performed
24 hours after transfection of both-strand-naked apoB-1 siRNA (nak-nak
apoB-1), both-strand-modified apoB-1 siRNA (mod-mod apoB-1), both-
strand-modified apoB-1 Toc-siRNA (Toc apoB-1), and control Toc-siRNA
(Toc control). The data shown are relative to the values in untreated
cells (Cells alone). n = 3, Data are shown as mean values + SEM. *P <
0.005 as compared to cells-alone group. () Reduction of apo8 mRNA
levels in the Hepa 1-6 cell line after transfection using apoB-1 Toc-siRNA
alone. The gRT-PCR analyses of apoB mRNA levels relative to gapdh
mRNA were performed 24 hours after transfection with apoB-1 Toc-
siRNA (Toc apoB-1) and control Toc-siRNA (Toc control). The Hepa 1-6
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
only [serum-free medium (SFM)], or in DMEM supplemented with 10%
fetal bovine serum (10% FBS). The data shown are relative to the values
in untreated cells (Cells alone). n = 3, Data are shown as mean values +
SEM. *P < 0.005 as compared to cells-alone group. Toc; a-tocopherol.
gapdh, glyceraldehyde-3-phosphate dehydrogenase.

the stability of the siRNA with both strands modified was much
greater than those of the siRNA with both strands naked, and the
siRNA with only the sense strand modified. The conjugation of
a-tocopherol did not increase the stability of siRNA (Figure 2a).
The impact of the silencing ability conferred by the chemical
modification of siRNAs and binding of a-tocopherol was studied
in cultured cells of mouse hepatocellular carcinoma (Hepa 1-6)
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using a transfection reagent. Even with considerable chemical
modification of both strands, the silencing effect of apoB-1 siRNA
on endogenous apoB mRNA in the Hepa 1-6 cells was not much
impaired when compared with the silencing effect of apoB-1
siRNA with both strands naked. Further, the binding of a-tocoph-
erol to the apoB-1 siRNA with both strands modified also did not
interfere with the silencing activity (Figure 2b). In effect, we suc-
ceeded in carrying out considerable appropriate chemical modifi-
cations in the siRNA sequences to increase serum stability, while
preserving silencing activity.

Next, a-tocopherol-mediated induction of siRNA was con-
firmed in Hepa 1-6 cells without any transfection reagents. The
addition of apoB-1 Toc-siRNA to the culture medium reduced
endogenous apoB mRNA in Hepa 1-6 cells. This silencing effect
disappeared when serum was absent in the cultured medium
(Figure 2c¢). This finding suggests that a-tocopherol can introduce
siRNA into the cells in association with molecules in the serum.

Effective delivery and processing of Toc-siRNA

in mice liver

In order to investigate whether successful delivery of Toc-siRNA
had been achieved, liver sections were taken from mice 1hour
after injection with Cy3-labeled Toc-siRNA (Cy3 bound to the
sense strand of siRNA), and the sections were subjected to con-
focal imaging. We observed marked accumulation of Cy3 signal
both in hepatocytes and nonparenchymal cells in the liver sinu-
soids. Almost all the hepatocytes had the Cy3 signal. There was
predominant signal density around central veins. There was no
Cy3 signal in the control liver sections from the mouse injected
with Cy3-labeled siRNA without a-tocopherol (Figure 3a). We
also confirmed a less prominent Cy3 signal in other organs includ-
ing lung; the details of the systemic distribution of Toc-siRNA are
to be published elsewhere.

In order to study whether Toc-siRNA is processed to a mature
form of 21/21-mer siRNA, northern blotting was performed on
mouse liver after injection of 32mg/kg Toc-siRNA. The assay
showed two bands of sizes ~21 nt and ~29 nt, corresponding to the

Cy3-labeled Toc-siRNA

Cy3-labeled siRNA

Figure 3 Targeted delivery of Toc-siRNA to mice livers after injec

tion. (a) Confocal images of liver sections from mice injected intrave-
nously with Cy3-labeled Toc-siRNA (left panel) and Cy3-labeled siRNA
(right panel). Cy3 signal (red) was noted in hepatocytes (arrowhead)
and nonparenchymal cells (arrows). Liver sections were stained with
Alexa-488 phalloidin to visualize cell outlines (green). Scale bar =
20pum. (b) Small RNAs isolated from livers of apoB-1 Toc-siRNA-injected
mice were probed with siRNA sense strand oligonucleotide in order to
examine for the presence of apoB-1 Toc-siRNA antisense strand using
northern blotting. The bands for the 21 nucleotides (nt) as well as the
29-30-nt antisense strands were detected. siRNA, short interfering RNA;
Toc; a-tocopherol.
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processed 21-mer antisense strand and the 29-mer a-tocopherol-
bound antisense strand, respectively (Figure 3b). These results
clearly show that Toc-siRNA has the ability to enter mouse liver
cells and be processed by Dicer in the cytosol.

Knockdown of target genes in liver and phenotypic
analyses of mice using Toc-siRNA

In order to assess the silencing ability of Toc-siRNA in vivo, the
level of endogenous apoB mRNA in the liver was evaluated. The
liver was removed 48 hours after the injection and assayed for apoB
mRNA levels using quantitative reverse transcriptase-polymerase
chain reaction (QRT-PCR). The 2 mg/kg apoB-1 Toc-siRNA mark-
edly suppressed apoB mRNA when compared with the effect pro-
duced by the same volume of maltose, and this silencing effect
disappeared when a-tocopherol was not bound to the siRNA.
‘The knockdown effect was specific for the target molecule, as evi-
denced by the finding that other endogenous mRNAs in the liver,
transthyretin (ttr) and glyceraldehyde-3-phosphate dehydrogenase
(gapdh), did not change, and that a control Toc-siRNA targeting
an unrelated gene did not affect them, when mRNA levels were
measured relative to total RNA (Figure 4a).

Next, we performed a time-course experiment to determine
the duration of apoB mRNA knockdown effect after single injec-
tion of apoB-1 Toc-siRNA. After injection, the reduction of apoB
mRNA in liver was maximal on day 1 and gradually returned to
the baseline level on day 4 (Figure 4b). We also performed a dose-
response experiment on day 2 after injection. Mice treated with 2,
8, and 32mg/kg of apoB-1 Toc-siRNA showed significant does-
dependent reduction in apoB mRNA levels (Figure 4¢). The intes-
tine, another organ where apoB is expressed, was also removed
24 hours after injection and assayed for apoB mRNA levels using
qRT-PCR. There was no knockdown effect in the intestine as a
result of the apoB-1 Toc-siRNA injection (data not shown).

The reduction in liver apoB mRNA lowered the export of
very low-density lipoprotein (VLDL) from the liver, resulting in a
decrease of serum triglyceride (TG) and cholesterol levels and an
increase in hepatic lipids.* Injection of Toc-siRNA produced sig-
nificant reduction in TG and cholesterol levels on day 1 (Figure 5a
and b). Further, we performed pathological analysis using Sudan
111 lipid-staining of liver tissue. The liver sections from mice
injected with 2mg/kg of apoB-1 Toc-siRNA showed a higher
number of hepatic lipid droplets than liver sections from con-
trol Toc-siRNA-injected mice (Figure 5c). Taken together, these
results indicate that apoB-1 Toc-siRNA inhibits apoB mRNA and
alters the phenotype of lipid metabolism in the liver.

No side effects are produced by Toc-siRNA
White blood cell and platelet counts and biochemical analysis
of the serum including total protein, aminotransaminases, and
blood urea nitrogen after the injection of 2mg/kg Toc-siRNA
(Table 1), and pathological analysis of the liver tissue stained with
hematoxylin/eosin (data not shown) did not show any marked
abnormalities.

The level of induction of interferons (IFNs) was examined at
3 hours (the time interval known to be the IFN phase) after the
injection of Toc-siRNA.* No IFN-a was detected in the serum
(Table 1), and RT-PCR of the liver RNA did not amplify IFN-f
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a 14,
®m apoB o ttr o gapdh
1.2 4
°
3 14 _I_ T I
& 1
kS
c 081
€
2 064 *
s
& 04
0.2 4
0 4 T T T \
Toc apoB-1 Toc control apoB-1 Maltose
b 1'4-[IDayI 0 Day2 ODay4
g 1.2 4
< I 1
g 1
§ 0.8 A :
& 06 e ~
14 - 3
2 e=
£ 04 . :
0.2 4
04 T v
Toc apoB-1 Toc control Maltose
C 1.2*‘
2
IR
é 08
zZ o
= 0.6
© 0.6 - N
§
o 041 .
2 .
%] M o
o
0 T T T \
05 2 8 32 Maltose
Dose (mg/kg)
Figure 4 Toc-siRNA-mediated silencing of mouse apoB messenger
RNA (mRNA} in liver is potent S[Jt‘till( and dose \'Jtpvnden! (.)The

quantitative reverse transcriptase-polymerase chain reaction (qQRT-PCR)
analyses of several endogenous mRNAs, apoB, ttr, and gapdh mRNAs
in the liver (removed 2 days after injection) relative to total input RNA.
n = 3, The data shown are mean values + SEM. *P < 0.005 as compared
to the maltose injection group. (b) Duration of the gene silencing caused
by apoB-1 Toc-siRNA. The qRT-PCR analyses of liver apoB mRNA levels
relative to gapdh mRNA were performed at the indicated time points
after injection of apoB-1 Toc-siRNA (Toc apoB-1) or control Toc-siRNA
(Toc control). n = 3, The data shown are mean values + SEM. *P < 0.005
as compared to the maltose injection group. (¢) Dose-dependent reduc-
tion of apoB MRNA levels in the liver after injection of apoB-1 Toc-siRNA.
The apoB mRNA levels (normalized to gapdh mRNA) were determined
2 days after injection of apoB-1 Toc-siRNA quantitated by qRT-PCR. The
data shown are relative to those of mice receiving maltose alone. n = 3,
The data shown are mean values + SEM. *P < 0.005 as compared to the
maltose injection group. siRNA, short interfering RNA; Toc; a-tocopherol.
gapdh, glyceraldehyde-3-phosphate dehydrogenase; ttr, transthyretin.

mRNA (data not shown). The chemical modifications have been
reported as preventing stimulation of Toll-like receptor in the
endosomes when siRNA is delivered with cationic liposomes.**!
However, the absence of an IFN response to Toc-siRNA does not
seem to be the result of chemical modification alone; indeed, a
2 mg/kg dose of Toc-siRNA without chemical modifications also
did not induce IFNs (data not shown).

DISCUSSION

We hypothesized that the most effective in vivo carrier of siRNA
would be a molecule that is essential for target tissue cells
but cannot be synthesized within the cells. Vitamins fit these
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Figure 5 Phenotypic change in lipid metabolism caused by inhibition

of liver apoB messenger RNA (mRNA). Decreased levels of (a) serum
triglyceride (TG) and (b) cholesterol after knockdown of apoB mRNA by
apoB-1 Toc-siRNA. Sera were collected from mice before the injections
and at 24, 48, and 96 hours after the injections of apoB-1 Toc-siRNA (Toc
apoB-1) or control Toc-siRNA (Toc control). The sera were analyzed for
TG and cholesterol levels. The values obtained after the injections were
divided by those obtained before the injections, and the resultant ratios
were normalized to mice which treated with maltose injection. n = 3, The
data shown are mean values + SEM. *P < 0.01, **P < 0.05 as compared
to the maltose injection group. (¢) Reduction in apo8 mRNA results in
increased hepatic lipid accumulation. Liver sections were prepared 4 days
after injection of apoB-1 Toc-siRNA and control Toc-siRNA. The sections
were fixed, and lipids were detected by staining with Sudan lll. Scale
bar = 2 um. siRNA, short interfering RNA; Toc; a-tocopherol.

requirements well, and the least toxic of the vitamins even at high
doses is vitamin E."* Among the eight natural isomers of vitamin
E, a- and y-tocopherol are the most abundant in human diets and
are equally well absorbed, but peripheral tissues contain much
more of a-tocopherol than of y-tocopherol,? thereby indicating
the presence of a selective transport system for a-tocopherol. We
therefore planned to use a-tocopherol and its transport system
to effect the delivery of siRNA. Because (hydrophilic) siRNA and
(lipophilic) a-tocopherol cannot be admixed, we directly bound
a-tocopherol molecule to siRNA at the 5-end of the 29-mer
siRNA antisense strand with a phosphate bond (Toc-siRNA)
(Figure 1a and b). We designed 27/29-mer Toc-siRNA with 2 nt
3’-overhang of the antisense strand. The a-tocopherol with 6/8-
mer double-strand RNAs is to be cleaved by Dicer in the cytosol,
generating the mature form of 21/21-mer siRNA (Figure 1b). We
actually confirmed, using northern blotting, that the processed
21-mer siRNA antisense strand was detected in mouse liver after
injection with Toc-siRNA (Figure 3b), and that the binding of
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