3) LB SEMEEIE

FUEERIT 4% /8T RV AT VT b RIZTEER.
30% % 7 B — 2 CEH# L, 0.C.T compound I
THE L, B LZEE T e v 7 %, Cryostat
(Leica Microsystems, Wetzlar, Germany)|Z T
B L #Mifas% %2 TO-PRO-3 (Invitrogen, Carlsbad,
CA, F). HWifa& ¥ % fluorescein (FITC)
phalloidin (Invitrogen . #%) I TH & L |
VE-siRNA(Cy3., TR DIg#RBITH L RfE%: ., &
A OB % 8 (LSM510 META (Carl Zeiss
Microlmaging, Oberkochen, Germany))iZ X ¥
BEZ - T L7z,

(fREE~DEE)

B ERIT, BWEE. BIOERBYOEE
ETH, BMEROEELMOBAIDL., KEERKRER
ZEYMEREZESHE L BIYWERESHIE S
TIT» 7%,

C.HrFufE R
1) ¥ilg% v 7z DDS 45 Ok

AL FERFTO—E]R L LT, RIMEEANZEE
LT, U/ —VEBRRA I BN EEBR CHEAERD
HBEHTY VBT R ULALDORERFEZITo
Teo A7V VBT MY U LDEE, 10mM OER
#5.CliX, VE-siRNA % [flg~FEZHR D b DD
EMDL L BRBPIZEE L TEY, X, 30mM
OEBRETIE, BNOBEPBOLND LD,
U ) —NVEBREE I BLVOEE LT D & FTE
~®0 VE-siRNA OBITOREITRNZ AL
ey RIMEERE LT, BBERS It
BB BENTND Z ERRENT,

EIGEY v RET U ANY =V X T A ERANT,
EEECHEBEBERROFENBEHTHLT v
FELAFY TX 7 LAF F LNAQ2mer,
Cy3-LNA) ¥ X U8 VELNA (12mer .
Cy3-LNA/Toc-cRNA) D FFig~DFT UV NY —%
¥Et L7z, LNA RO'VE-LNA X, WINbHiRE

SN ERBRET DI LICL - T, HBR~BEE
RBATHBE SNz, £72. siRNA DFE LR
720, MNEEREGIZXoTHIFiR~EETEDLZ L
B BN E o7, —F, VE-LNA IZ—HRIZIFH
B PICRH S 7228, LNA [ZHIERNIC Ky
MRIZEB L TWAEABE s, Zofmidh
b, Rig#E L bz, X, BREBEIHEDD
PEEINTZ, ZOZ i, LNA & VE-LNA &
DORET, MENEREUIBITERAN R 5 FTHEtE
DHBHZ LETFBLTND,

2) EIIERRIES I B VIBAYE X OER/ U
> P RIRA W Dy BRRIHEAR O AT

F VU TEBOERS I AWK T RN L
SIEERY VARF TOYEAERZRETT
5EHT, 4 ) I (siRNA RO VE-siRNA)
CRAIEBNEDREHEVY VY RKRE DRE
Wz oW, BERIBOREE{LE DLS ITLXY
HETHZ LITL VR LT,

B ERICHVAES I B VITAERRLT
AnTng s, EE, RAREROES I BVIEE
WEBMEES S - T 18nm {13F(13.2nm+0.2nm)
WALV ORTFREY—27 2R 1L, —# 100nm 7
R LV 1500nm (FEEIZDETIEIH 5 25%iE
P —27 2R U (S48EEK 0.1310.02), 7=
7ZL. BAIEVEREE, BRERRIHEVEE
L CHIEMR RO KT MR b7,

siRNA 1%.5.2nm f3FIZ A A VRIBEE— 27 2R
L. 680nm. 7700nm fHFIZDEORREY —7 %
Bo, getr—2s %R L%, —F., VEsiRNA
1.9.9nm fHED A A VRIREE— 27 B XU 160nm
HEDHLEDE—27 O e —27 DHTH-o
7zo WIZ, siRNA XiX VE-siRNA #E& I &V
L 3TCT3O A vrFaX—a sk MNFEL
BIE LR E Z 5, siRNARA I BVIZ, AA kL
B —27 7 15.1+0.6nm DOHEMHY—27 ZRL
7S (S48EE% 0.07£0.01), VE-siRNA/RS
&L 16.6+0.5nm DE—REY—7 ZRL
7= (%48 ¥E%K 0.05+£001), DL XY,



VE-siRNA L REIEAMITLE L THERES
SENEBELTNE Z LRSI, VE Eff
B OEEEBREME L TNDZ LNREBI
iz,

INTEEREZDO ICR ~ VAKX VERLEZY
VNN, EHIRIER 269.5+4.3nm OE—TT 1
— FRE—7 (V—27 128 T Bk, 356.1=%
7.Tam, 2453 EHE% 0.224+0.01) 7% L7z, siRNA
EVVREERALT3TCT30 A v Fa—
v a Lz siRNA/Y VNRIBR SR Tk, ks
FREBHER(QR72.56+2.3nm) L7223, U o YK B
DEE LR, B—07 o— FRIEDEVWETRL
7z (B—27 128 R 402.4+22.4nm. £50#
845 0.269+0.001) ., —7F. VE-siRNA & U v~
SR E DIREIRTIL, U > SR & g LT,
AR FRIXEA (238.5+1.6nm) L, BE—TIED
Lone—r BEEsh (-2 ki
296.7+6.7nm. £oBEE 0.190.01), siRNA/
U oYK EEE U, VE-siRNA/Y V _RITE B =
%o TEHRR, ©—27 2B 3RBRBLIU%E
SBIEEPNESL B ERHALNE 0T, F
7o Vol VE-siRNA #IEET5AZ 812k D
V— I BNE—ERY X, VU NRPLSBELT
BonhfzlAuIrargE & VE-siRNA 2B
AELEHELRAKROE—Y— 7 2R3 2 & 23
M & 72 o7,

Uk b, VESiRNA & /a3 rnizsed
LTV 2 ATREE SR S iz,

D. &%
BRREFORBREY v REFTYNRY - 2T A
WWEBF~DRERBOREN, " TEORR?
siRNA (~19k) & LNA (~%tk) TIIKREE
RBZEBRALNE RS, ELIT, HFED/N
2 LNA TI/MENSDOT U ANY —HAEETH
5 ERRHEN., BORSHA OB LA
BEHNE DNz, —F. LNA @ VE Effifk & ke
iR T, BA I BN L ORBERERICBIT B~
DOBATBRBHALNIZER-TRY, Z0OZ LIEHF

E~DFITH ., MIEN~DE Y IAZEL LA
ANEBUALBZDOBNENRERAZ L2 TR LTEY,
ABEEEL OBENOEEKREVAENE O N
bDEEZD, ThbbL, VE BHIIHESEERERS
FoMEANBRICLEEYE X, L ICHREI
TEBLTRADZ LiX. TOBFEORE EFHIT
HDbENLRV, —F ., DLS & BV Tohr 22T
DFER LIV | VE-siRNA 2 8AEIF CIIfAgiRIES
Tk X VR TEAIA eI avsy
BERRST &ESA LT, RN — B A EREHR L
THEELTWAZERTRBRENTE, &b,
SiRNA OfER L DB LY | ZDEEITIZ VE &
HNFELTWAZ EBHALNE 20Tz, 2721,
VE-siRNA DA I B A BIEOBEENTH%E
EMEBIUOIARIZor L OEKNTOREE
YERZEIET A7-DITiE, & BITFEM MR N %
HEThbdLEZD, LB TFENEN LNA T
X, VE Bl L 2REIBVEIAM 2
v EDBFMEN siRNA LV HAERTAIIZIRV N TTRE
HRE, —FH., U/ —LBRESEIEL L
T ATV BT U 7 AE VE-siRNA & OFFn
IRV ETFRIEND, LEB-T, 7Y VB
F U 7 AR LNA IZBWTH RO WERRS
RO E2MZ 5 Z & T, (BEFRIDOZRDERE
AIBNLVDOZHRN siRNA OFE LB 5HEB %
RATLIFENRPIRELNDbOLHFSh, &
LI T 2 TFETH D,

Ef#m

siRNA {22 T, LNAIZxLTH, ERTD
T UNY — IR & B AFRIRAEET U Y
—NAERER Z E BRI ENT, e, RS F
20 LNA OF&1E, BFBES I 'L,
MNBREDTFT U ANY —HFRERZ LB LN
Rolz, bz, FERLV—VF—BMERDOLHT
7o, VE Efidi A ) SEEESFOMRNEIEIC
EEL QWA AREENRBR I, —J, DLSIZ
L A MEARFIHER L V. VE-siRNA 2%, HF|H
TIIEMBEREE I E, X, UV 2NRF TS



fuaIraripEs, WERESHREER L THF
ELTWDZ ERRBENTE, £, TOHEEKE
TR VE EEMiNFE L WD Z BRI,
Llb, RBFRICE Y, BRBERROKET Y Y
— ORI R NI NEFIA Lk DDS &4
BEHNCET A AR EBERIF O,
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FAEFBRFENERME ERERER (577 ao—%) REHENIEEE
(o) WrEREE

IR 9™ 2 #1 i DDS &M L 7o 0 BB FIRFIE OB %

fomE &Y
V B RZER B EIRAIR R R AF 4 IS ) KB

Z AR T 588 DDS DB E B Z 2 o7z,

MREE
ABITEHOLRAMERA T 5 _AHBBIOGBIRMIESG L, ZORNZNEESEEZR ESE, X271
T—RILL D0 EREST IV FA U MATAE Y IR EM LTz, EbIC, TOHFIREZIVESR
LOEDT T 7e2iEa LicaFEE L. siRNA L EAERERA I, FHREENLRT Y AN —

AMREER
BBEEROROBEROMBEZER L. A&
BBRIZBFEE L. EEANTEORRBELLE
{BL., #x apEERIZE A NMBERET S AL
DFOERERIRD, IHIT, ZOHFIIEH
IVEZRE S BRERLEAEREER ST
HZ LIV, EXIVEORBREKEFIELE
FFBRRAF A7 T U N Y — 2 RIS T B 5T
DDS DREFEZBZ729,

B S

AR TEOLRABEEF T2 ASHEBO A Y
¥ —IN—T DRICEEL, FEBOY VBY TR
TVERRL DR ERT & B RANCHE EERAFIREAR IE
BREETAHAVIVT I 8 (Fig.1) 254
AL, BT 5,

RNA P9\4 PQ\a P9\4 P534

e Y M M+
NH, NH; NHg NHg

HOH.? Yo -j >-n|0||-: P XTe]] n%juuoR

HO E}:la HO ‘1\!}-"\3 HO ’5_0:1\3 HO ﬁ"\’a
RNA PO; PO; PO;. PO;
Fig. 1
I, AVITTI/EEEFZFIVERBLUE
OTFu IhTEREE SE, siRNA OfffagR

RIZRT IR — 2 EBICTAFHRIFY U 704
BEBIRI,

(EmE~DEE)
BFRE R CIIR I EE A~ OB BITSRER W,

C.HFguHE R

AR TEOLHABERET 5 _AEEBOA Y
¥ — I N—T\HE R TR VS L E AT
HAVIAVTIOEL LT, 2,6-V73/-2,6-Y
FEAIXUINa—ZARB g 7Y ad RESICLY

BE LAY S — (1—4 ) OB EER LTz,
RNA ZEHEL AV IPT I ) Fa—RDE
BEERZFNT 27O, Tm (ZEHOESFEH
REMOFHE) . CD 222 ML (ZEHEHOHEEL
{LDBHE) . ITC FHEERIZ L W RAETIEED
BH) REOEREIToMR, FVIADTI I
a—RAD 1I~4BED S L, EHEHEORWS, 4 B
EERAWCEEIT, BHER TmEOLF L CD X
N7 M OETOEHBR s (Fig. 2), —
. XRERL L CEH DNAICX LTH R
DERZToTLEZA 1I~4 EFNTREMZ 2
AW TmfE, CD 227 " OFEREIT
BRIEN2D o7, IBIZITC TIX, 4 &K%
RNA12 EFIZNZ 5 Z & THRAT HEEN,




DNA OFE LKL 2EREDETHD LD
BWEAMELNE, 2FEV, FVIAVTI) =
— 2%, RNA ZEHIzxt L, DNAZEHLY b
RBET B ENRENT,

1.35%

1.3

* —
j RNA only
125 i HOGCGAAUUCHEE
T - - RNA+ lmer 12 eq)

e RINA -+ 2001 46 eg)

— = RNA + 3mer (4 eq}

Relative Abs. at 260nm
™
e
™~

. s N . —-— RNA + dmer {3 aq}
o =0 40 G0 30 160
Temp. (°C)

Fig. 2 RNA “E# T #ROZE(

Iz, siRNA OfF s R 2T VNV —% H
L, AVIVTI I a—R L RERE L
THEEEA L, ABIB _EH L OEmVEERT
PENREETE 52,6-VT7 /26T 4FT N7
I h—ARBTY av NERICIVERK LA
Vd=— (38) KEXIVERBIGEDOT
TNEEREE LS FOERERN Lz, REE
ORISR OERBELERB I 2D T LI X
V. BRETAHAEFIVERBAELELY VT
2)HT Y P—RABEEOEREEK LIz, Th
LOFEMEIT, AV IVT I S ra—RFERE
LB, RNA —_EHHITHEES L, TNOERE
LT 20REETHZLBERTE T,

D.EBE&
AFRTTYFA v, BRLEFY IVT I HE,
2,6-7 /26T AFVINAa—RBLT
2,67 -26VFFFVHT 7 b—AFHERK
X, B LEEREBEEZE L. 2 FOERICAE
TAHT7 I EMOERE (6A) X, ARELY
IEEEFT D _AREEROA D x— TN —T
g (7~8A) IZHBH TN\ N, JA—TD
RO Y EREML S FEEAER 5 Z LS FRET
HY, B L7EEX, RNAZEHOA Y v —
IN—T ST IR e B —ICEF
Thd,

E.f&
ABFZETIE, AT EH L OBV EEERM
WEETHFYIDT I I a—RFHEEKD
BRRIZERZI LTz, & BT, siRNA OfFg~D%h=R
HExErREL, FVIVTI I HFI b—RE
EXIVERBLREOT e S EREE S ERA
YIVT I EFEEROERICEI LT,
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EARHRENREMNE ERERERE (577 0V —%) ReHERRESR
(5r#8) MEHREE

InvivoELISARIZE ATV F U RAFVIXT VAF RO

EEMITIE OB

AN

Ba v

V RIERRFERFEGERANFER AW AERIF

A2 N—T TREBEEROENEEL TR L T EBEMORRE L HIE L, BBRERORYE)
AT A7 0 0ORIEEELED -, A TIE. K REELRAWTIBEZT T
AR EET S 2 LA WEER ELISA (25 LI ERBEEFHBE Lz, REOEMREEZREE LT
BOFHME, EEMCEN, EWHEREETIEEREN OIS LERE L, EERIT. 7
VFR U ABBERE LV RACBIT DFBRANEHEELEELERER. REELIBSNEYETE
EORMICERFIBRBEET DI I L2 RWE L, REX, 7o F v AKBOE 2 OME~D 5
HOEYNAREHEY FRICERTHY— VL LTHIATE B,

AMREH

MBBEZRT, BRomORBICHIGATRERA
R L LTHIES TR Y, BT R»E
DONTE T, BERIIMONAS FEEREIZRRY,
BV EHSEREFEOBRBFIATE D RT. &
BEEFOBRETBERIEFRIRL IZHETSZ
L0, TUF B RABEITERBREREF T HIE
MEbara— b TR ERRHT, Tk
VAKBE BRI 5 Z LBTRETH D,
Tx L, THETICEZL < OILFHERE A TR
ZRAR L, Eh T RET IRBEATLE
B RS Z LI LTn5, —F T, B
EEpEshErary ba—L L, BEOCXLAR LM
FDT-DITIE, BYEEICET 2 EREINET D
TEDHEFICEETHD, LPLRBL, ZhE
T OENERRIZE T 2 EHRSZ N ETHE
DEBERIIFAL o7, £ T, FHFETIE,
BMERORZECTH D7 T AEEKDENE)
BE % IEREIZSEAT 5 72 ® ORI BT RS % B
Bl

TUFRVABBEEETATLODOENE L
TIFI X, mERE I e~ v 757 40—
(HPLO), #ikra~ b IF7 41—« Zo7 AH
BESH (LC/MS-MS)., ¥+t 7Y —EXKE
(CGE) ZFIATAFERMLN TS, Ll
BB, ZHOEIEFICKE» Y LR - RGNS
EThHY, BELEMMBRLERIND, £HIC
L LT, FMERAIIR L TEWEIXE 220,
¥/ PET Eff%E DA A —D v 7F B2 FIHT 5
MR IR GIC BT 2 R R EANIC D
EBMIZLEONAEOERATHLIHN, Zhbiz
DWTHEBERKENY TH D Z & RBATER
BOEEHOME RN REE B BT
HZONRETH D2 EDHIRERH B,

Z ZCARBR T, fEIC 2 EWEIEEE O
EEMNFEEZ ELISAEICEHR L, REEEAL
REROEEERATL, T 2 TRIAERHERIC
BVWERMESEEZAELTRY, SEERCT
T v AR OB EE R 2 DRI D IEHE
WWEEMT S Z LIRS LIz THRET 5,



Bt 5 i

1) ELISA {52k
2,4-BNA/LNAE#EL T o Frv v A E . £h
(ZABRERY 22 3L B A F - fk L 72DNA (5-gaatageg
aggataatgtgctatgageee-3’) Ztemplate DNA, 5
MNEOSMEZENENY VBRI X 7=
fb L72DNA (5’-tcgctatte-3) % probe DNA &

L7z (F1) , 21 DEMDNAIL HARNSA A4
—E 206 A LM, Reacti-Bind
NeutrAvidincoated polystyrene strip plates
(Thermo Fisher Scientific, Cat#436015) %
—E7 4 v —L VAL, TemplateDNA
Z\y 77— (60 mM Na2HPO4 (pH 7.4), 0.9 M
NaCl, and 0.24% Tween 20) (Z¥&fi£ L. 100nM
L L7z, LigationProbe & 1.5 units/well?>T4
DNA ligase (TaKaRa, Cat#2011A) & /N v 7 7 —
(66mM Tris-HCI (pH7.6), 6.6mM MgCls,
10mM DTT, 0.1mM ATP) (Z¥&Ef# L, 200nMiZ
FARL L 7=, Pt N> 7 7 — (25 mM Tris-HCI (pH
7.2), 0.15 M, NaCl, 0.1% Tween 20) % %fi L 7=,
MY IX = -TAH) T+ A7 72 —EH
& (Roche, Cat#1093274) #%1:200000E|A& T
SuperBlock blocking buffer (Pierce, Cat#37515)
ERAWCHFRLEZ, TV 74 A7 7 Z—ED
AEE L LT250 MO CDP-Star (Roche,
Cat#1685627) ZfEMH L7,

HiE

2mLF = — 7 EREEE A, 1ImLOPBS K Y
' — X (¢ =5 mm, Irie) Z#M0 L, TissueLyserlIl
ERWTC2o MR L., #5237 BE&%BIO
RAD DC Protein Assay* AWTEEL., —E&E
Iz THRE#RE 128 pM 7> 5400 nMOFFHN T
108 & o7,

RIZ templateDNA %#& (100pL) X TY 10uL
DR 7 VR ORI HIE %2 96well D~
Ar7aFL—hMIMA, 37°C T1RMEA v F=
N—va ik, D%, 200pL OHEF Ny T 7

T B BRERDOIER

B 1 ELISA ZD[RE DS

akaline
phosphatase  substrate

DIGspedﬁc @ ,)—(’ cr
hybridization " ° o

pH =95 < fluorescence
dbﬂww AT
template DNA pmb. B A
CLo-{
N B} o

""" oigomdauhde

avidine coated plate

x 1 ERAES

CsasTsTsasTsCsc-3’

antisense oligonucleotide

template DNA 5'-gaata ataatgtgctatgagcc-3'
probe DNA 5-tegetatte-3'

KX 2,4 BNALNA /MXFE:DNA
s: RAKROAFA7—+

— T 3 [EI¥EHE L7z, %\ T LigationProbe %
100pL il %, 15°C T3EfA v Fa— 5
L7z, £D%#%, 200pL O Ny 7 7 —T 3 [EYE
L7z, 2352 100pL OHFEY T 7= -
TNH T+ AT 7 X —BHEEMZ 37°C T1
REfl A ¥ a_— 3 Lz, 3E¥ESE LI-#,
100pL @ CDP-Star Ik Z 2. 1 ##(Z Centro
XS3 luminometer (Berthold) & F VT i E
FREELEZ (K1) .

2) ELISA £ O R BB O RRFE

T T U AEBARLE O C5TBL/6I ~ 7 A K
D #EH L7 ATIBR O BRSO F 2 5 & FARIC AR L,
N BRERRIE U, BERERIR L 7B R
HOT o FEr AEE (0.128—400 nM) % —
BOv U AfFEAE R — MIIZ, & ELISA
ErAWT, RERELRIE Lz, FREDOY
TNEBE @=8) AWTHEZITV., TOHE
NHEELEEEZRDTE,



3) HEERUHEMERERORT
BB L L 6l D~ AC57BL/6J (-
BARZVT) 2&5EEHTHELELE 2D LI
L. AFOB.OBBICELLT. 7 F&
VA ERRAN &L D HEIFR S L7z (5-7T0mg/kg/[A]) .
ZDOBHT2EF/BITHER TICR O TERIRE Y &
ME1T7 o7z, ~ U R % FE:E PBST T REFR
X 0 EEWR LA SR, PBS TR L 72 1% . Al Y1)
L RIRZER THREEAE L%, —80CIZ THRTF
L7z,
HiAE L= FiE oY) i %2 1mL O TRIzol Regent

(Invitrogen, Cat#15596018) W TCTHRET A X
L.7Z vai/LA200ul% 00 2 72% . 13,200rpm
4CIZTI65RE D L, BiE220uL% 1 Y 71
X = 400pL iz BN L TEEIRE Fo L
13,200rpm, 4°CIZ T1553fHE L LIz A YV 71
R —=NVEBRELE, RNT, 5% T F /) —)v
800pL % il % 71 . 13,200rpm . 4°C |2 T 5% =
D L7z, Total RNAZ & LB ZRNAT U —K

(Water, DEPC treated, RNase tested; 7% Z 1
T A7) 80pLiZ¥EfE LT, #iH L7z Total RNA%
Sy HEFH TER L . RNAOGFEZ 1% T Hu—
AT VERIKE THER LT,
cDNA Reverse Transcription Kit ( Applied
Biosystems, Cat#4368813) % A \» T Total
RNA10pg7» 5cDNAZER L 72, 1§ 5 11 72cDNA
% TagMan® Gene Expression Master Mix% >
TUTNVHE A LPCREITV EROMRNAR 2 E
L7,

High Capacity

CHFFefsE 3
1) ELISA &2 81T B ERR DO ER,

T T AEBORE LRIE Lt mE
ErhEhxtgfb L, BoniErbmER % E
L (K2) . JBVIBEGRGHICIEVTEWVER
HEETHEEHR.

® 2 EERURE

B 1 z 1 1 1
ERMBOM) | 400 80 16 | 32 064  0.128
3179 1213 249 284 055 0.158
2981 1092 266 305 0.64 0.092
2060 1095 185 267 0.56 0.174
EREE (M) | 3109 908 236 222 061 0.181
3516 1093 208 197 077 0.145
3182 950 186 1.55 0.40 0.148
3048 988 262 285 053 0.130
3953 1106 154 288 0.69 0.093
THE (nM) | 3209 1024 201 263 059 0.147
BEREE M) | 222 91 28 044 0.09 0016
HE (%) 80.2 1281 1259 821 925 1149
BE (%) 69 89 141 168 148 111
K 2 H®REH
~ 45 BRER
E *
gk .
3 35 ;
z 3 s
®
5 2.5
[ =
§ 1.5 5
- y =0.99x + 1.7022
E $ R? = 0.99507
= 05
0
8| 0

concemr1ation (log[nMQ])
2) ELISA &0 R BB O RRFE
ETEBEONT-RERLY., FV TV OERE
BPEMH L, £ I OERIME L EREE D
BEROEEREELY, BEERUCEELZREHL
7= (£2), EE#M 0.128—400 nM 128\ T,
HE 802 — 128%., FE : 16.8%LUT & WD
FEWICENEREEZETOFMARTHD Z LA
RnwiZahtz,

3) ik & L HREEBEOLE
2R LTT v F o AR E#HIRN &
VEE&E (5-70mg/kg/[E]) L7=HE DORFigIcE



TAEBELFMME L ELISABIE X V&b
BET—2EFBROBRE VIV BET/) —~ T
AXL Y 7B 1pg FOT v FR Ry
F0&E (ng) OPHTRELE, RETOHKERE., &E5
EICIELG U THBNICERE T2 Z EBRWE
Shie (K3), TR, JfiickiT 2ERED
SRRSO bh o Tz,

D.BE
1) ELISA (R RIT 2 R ERDVER
TUFRVASFORE (BEE 0.128—400
nM) LHIE LB AREErZEThxb L. &
DNTRER TIE, WERKR2 2099 LW H &
WHEBEMEDS TR Biviz, ARFIEIX. 0.128—400
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Delivery of siRNA into the blood—brain
barrier: recent advances and future
perspective

Keywords: blood-brain barrier = brain capillary endothelial cell = neurological disease » siRNA delivery

The development of gene-silencing therapy for
neurological diseases has placed great impor-
tance on the delivery of siRNA from the blood
into the brain across the blood—brain barrier
(BBB). Increasingly, gene-silencing therapy in
the BBB itself is being considered because the
BBB is associated with the pathophysiologies
of many major diseases such as brain ischemia,
multiple sclerosis and neurodegenerative disor-
ders. Practically speaking, it may be easier to
establish techniques to deliver siRNA into the
BBB rather than across it, because there has
been an accumulation of knowledge concern-
ing the dynamic interactions between the blood
circulation and brain capillary endothelial cells
{BCECs), the chief components of the BBB. The
purpose of this Editorial is to explain the recent
advances in siRNA delivery into the BBB and
to express some opinions on future research in

this field.

The blood=brain barrier
The BBB is composed mainly of BCECs and
has pericytes, astrocyte foot processes and nerve
endings terminating at the capillary surfaces {11
The BBB is a unique structure in the CNS that
is both a physical barrier, resulting from the pres-
ence of endothelial tight junctions, and a trans-
port barrier, resulting from selective membrane
transporters and vesicular trafficking via BCECs
121. I is generally considered that for compounds
to cross the BBB they should have a molecular
weight of less than 400 Da and be lipophilic (13
The establishment of a technique to deliver
siRNA across the BBB is expected to result in
the development of gene-silencing therapies
for a variety of neurological diseases; however,
delivering siRNA across the BBB remains a chal-
lenge since siRNA molecules weigh more than

10,000 Da and are not lipophilic. So far, many
technical developments have been reported such
as the chemical modification of liposomal com-
plexes with siRNA, the direct conjugation of
siRNA to ligands for the BBB and the use of cell-
penetrating peptides that can be noncovalently
complexed or covalently linked to siRNA g].
The precise mechanisms of these delivery strat-
egies remain to be elucidated; therefore, most
preclinical and clinical studies on the delivery of
siRNA into the central nervous system have used
the invasive techniques of intracerebral, intra-
cerebroventricular or intrathecal injection into
or near the rargeted tissues 3. To our knowl-

edge, no trials have used intravascular injections
to deliver siRNA across the BBB.

Pathophysiologies at the BBB

It is noteworthy that some major neurological
diseases have pathophysiologies at the BBB itself,
especially at BCECs, apart from those at neurons
or glia 4.5]. BCECs express a range of molecules
that can be targeted for silencing.

Inflammatory cell-adhesion molecules such
as ICAM-1, VCAM-1, and the selectins are
responsible for secondary neuronal injury after
reperfusion in brain ischemia (6. The matrix-
degrading metalloproteinases (MMPs), par-
ticularly MMP-9, are involved in the process of
neuroinflammation associated with the ischemic
condition i7i. In an #n vitro BBB model, silencing
of MMP-9 by siRNA was reported to enhance
BBB integrity 3],

Inflammarory cell-adhesion molecules are
also related to the pathophysiologies of multi-
ple sclerosis {91, They help activated leukocytes
cross the BBB and enter the brain, resulting in
the initiation of immune-mediated demyelin-
ation {9]. The therapeutic concept of inhibiting
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the adhesion of leukocytes to BCECs in multiple
sclerosis is currently being employed in the clini-
cal setting; natalizumab, a monoclonal antibody
against very late antigen-4 in leukocytes, inhib-
its leukocytes from binding to VCAM-1 (the
receptor of very late antigen-4) in BCECs 101

In Alzheimer's disease, the receptor for
advanced glycation endproducts (RAGE) in
BCECs mediates the transport of the neurotoxic
amyloid-f peptide from the blood into the brain,
leading to oxidative stress and neuroinflam-
mation {11]. Expression of RAGE in BCECs is
approximately 2.5-times higher in Alzheimer’s
disease patients than in age-matched controls,
and inhibition of RAGE in BCECs may alleviate
the disease pathology 112].

The diseases mentioned above have a high
prevalence in most developed countries, and
effective therapies remain to be established. As
clinicians in neurology, we wish to emphasize
that the BBB itself possesses great potential as
an important target for gene-silencing therapy
for these diseases.

Delivery of siRNA into the BBB

Few attempts of using the concept of gene-silenc-
ing at the BBB itself have been reported. We first
reported the delivery of siRNA into BCECs via
a hydrodynamic injection technique {13}, and the
same strategy was adopted in subsequent studies
{14.15]. One possible delivery mechanism of this
technique is that rapid loading of an extremely
large volume of solution results in a consider-
able increase in hydrostatic pressure in the brain
capillaries. Another possible explanation is that
rapid injection of a large volume of solution pre-
vents the solution from mixing with the serum
containing RNase, thereby keeping the concen-
tration of siRNA high in the brain capillaries.
However, hydrodynamic injection cannot be
used clinically because it can result in injury to
various organs and tissues. There is, therefore,
a need to develop an alternative strategy that is
clinically feasible.

We recently reported the efficient delivery of
siRNA into BCECs along with endogenous lipo-
protein [16]. A cholesterol-conjugated siRNA was
incorporated into extracted endogenous high-
density lipoproteins and then intravenously

~injected into mice. Cholesterol-conjugated

siRNA was not delivered into neurons or glia,
but was successfully delivered into BCECs by
receptor-mediated uptake. Because cholesterol
is taken up into BCECs along with lipoproteins
but generally does not pass through the BBB,

cholesterol conjugation might be an effective
strategy to deliver siRNA into BCECs. To date,
our report is the only one to have demonstrated
a technique that enables siRNA to be delivered
into BCECs and be used in a clinical setting,
although improvements would need to be made
before this could be done f161.

Future perspective

The biggest challenge for the efficient delivery of
siRNA into BCECs is the enhancement of deliv-
ery through the reduction of tropism to the liver,
secretion from the kidney and uptake into the
reticuloendothelial system, such as the spleen,
lymph node and bone marrow. In addition to
optimizing the size, charge and lipophilicity of
siRNA vectors, other possible improvements
include modification of their surfaces, for exam-
ple, by binding them to ligands that interact
with the BCEC membrane proteins, or by coat-
ing them with polyethylene glycol to increase
rerention in the blood. Recently, Chen o1 2/
succeeded in delivering an increased amount
of a gene to BCECs by inserting polypeptides,
selected from a phage library by iz »ive panning,
into the binding site of an adeno-associated virus
vector to its receptor |17). Increase in affinity to
BCECs and decrease in distribution to other
organs/tissues will be helpful in reducing the
dosage and side effects of siRNA.

It is also important to investigate the thera-
peutic utility by using model animals for the
neurological diseases mentioned above. Our
previous reports regarding a hydrodynamic
injection technique (13} and a lipoprotein vec-
tor 116} demonstrate only the proof-of-principle
of siRNA delivery into BCECs by rargeting
organic anion transporter 3, which is exclu-
sively expressed in BCECs in the brain and is
not recognized as a pathological molecule in any
neurological disease. If gene-silencing therapy in
BCEC:s is actually demonstrated to be effective
by in vive delivery of siRNA in some disease
models, research in this field is expected to be
remarkably facilitated.

We believe that techniques to deliver siRNA
into BCECs could be further developed into
techniques to deliver siRNA into the brain across
the BBB. Theoretically, delivery across the BBB
can be achieved by using either the intercellu-
lar or intracellular route. At the BBB, there is a
unique intercellular junctional complex without
fenestrations that is formed from tight junctions,
adherence junctions and basement membranes.
Intercellular delivery across the BBB would
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probably be accompanied by distuption of this
junctional complex, leading to nonspecific entry
of serum proteins and agents into the brain and
subsequent toxicity for neurons and glia; this
toxicity should be avoided.

Intracellular delivery across the BBB could
result from the establishment of a method to
deliver molecules into BCECs. Knowledge of
the physiological transport mechanisms present
at the BBB has increased remarkably [21. A wide
variety of transporters contribute to the selec-
tive influx into the brain of energy resources,
amino acids, hormones and organic ions [2]. For
example, glucose transporter-1, which is abun-
dantly expressed in BCECs 131, contributes to
the transport of p-glucose and vitamin C, and
may work as a carrier of siRNA. Similarly, it
might be possible to use amino acid transport-
ers, monocarboxylic acid transporters or thyroid
hormone transporters. However, there may be
strict limitations on the structure of substrates,
and it could therefore be difficult for siRNA to
enter the brain via these transporters.

The unique endocytosis/transcytosis at the
BBB involves a receptor-mediated mechanism
(cargo such as transferrin, insulin and lipo-
protein) and an adsorptive-mediated mechanism
{cargo such as cationic proteins and cell-pene-
trating peptides) [2]. Utilization of these endo-
cytosis/transcytosis systems may be an alterna-
tive strategy for the effective and safe delivery of
macromolecules such as siRNA [19]. Short pep-
tides derived from the rabies virus glycoprotein,
which bind to the acetylcholine receptor, have
been used to deliver siRNA across the BBB {20,
Other candidate ligands that can be used include
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Efficient In Vivo Delivery of siRNA Into Brain
Capillary Endothelial Cells Along With Endogenous

Lipoprotein
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The brain capillary endothelial cell (BCEC) is a major
functional component of the blood-brain barrier and
is an underlying factor in the pathophysiology of vari-
ous diseases, including brain ischemia, multiple sclerosis,
and neurodegenerative disorders. We examined gene
silencing in BCECs by using endogenous lipoprotein to
introduce short-interfering RNA (siRNA) in vivo. A cho-
lesterol-conjugated 21/23-mer siRNA targeting organic
anion transporter 3 (OAT3) mRNA (Chol-siOAT3) was
intravenously injected into mice after its incorporation
into extracted endogenous lipoproteins. Chol-siOAT3
was not delivered to neurons or glia, but was successfully
delivered into BCECs and resulted in a significant reduc-
tion of OAT3 mRNA levels when injected after its incor-
poration into high-density lipoprotein (HDL). Efficient
delivery was not achieved, however, when Chol-siOAT3
was injected without any lipoproteins, or after its incorpo-
ration into low-density lipoprotein (LDL). Investigations
in apolipoprotein E (ApoE)-deficient and LDL receptor
(LDLR)-deficient mice revealed that the uptake of HDL-
containing Chol-siOAT3 was mainly mediated by ApoE
and LDLR in mice. These findings indicate that siRNA can
be delivered into BCECs in vivo by using endogenous lipo-
protein, which could make this strategy useful as a new
gene silencing therapy for diseases involving BCECs.
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INTRODUCTION
The blood-brain barrier (BBB) is composed of brain capillary
endothelial cells (BCECs) with pericytes, astrocyte foot processes,
and nerve endings terminating on the capillary surface.! The BBB
is a unique structure in the central nervous system that represents
a physical barrier formed by endothelial tight junctions and a
transport barrier resulting from selective membrane transporters
and vesicular trafficking in the BCECs.?

BCECs are associated with the pathophysiology of various
diseases, including brain ischemia, multiple sclerosis (MS), and

neurodegenerative disorders.> In vivo gene silencing in BCECs
can be a potentially useful approach for treating these above
diseases because BCECs express different molecules that are
considered to be important for the pathology of each disease.
Inflammatory cell adhesion molecules, such as the intercel-
lular adhesion molecule-1, vascular cell adhesion molecule-1,
and selectins, are potential target molecules for the treatment of
brain ischemia and MS. This is because the adhesion of activated
leukocytes to BCECs induces secondary neuronal injury after
reperfusion*® and immune-mediated demyelination in MS.%” In
Alzheimer’s disease (AD), inhibition of the receptor for advanced
glycation end products (RAGE) can be expected to alleviate AD
pathology, because RAGE expressed in BCECs mediates an influx
transport of the neurotoxic amyloid-p peptide (AP) from the
blood into the brain.®®

RNA interference is a powerful tool to achieve post-tran-
scriptional gene silencing. Efficient in vivo delivery of synthetic
short-interfering RNA (siRNA) is the biggest challenge for the
therapeutic application of this tool.!° We first reported the delivery
of siRNA into BCECs with a hydrodynamic injection technique,*
and the same strategy was adopted in the subsequent reports.!>!?
However, the hydrodynamic injection technique cannot be
applied clinically because of the volume overload and extremely
high hydrostatic pressure involved; therefore, there is a need to
develop an alternate strategy that would be clinically feasible.

We hypothesized that the best in vivo carrier of siRNA into
BCECs is the molecule that is taken up into BCECs but cannot
pass through the BBB. Cholesterol meets these requirements: cho-
lesterol is a major lipid of lipoproteins which can be endocytosed
via lipoprotein receptors expressed in BCECs, but most choles-
terol cannot enter the brain.'* Extracted endogenous lipoproteins
have been reported to work as effective vectors for the delivery of
siRNA to the liver by conjugation of cholesterol (Chol-siRNA).'*
This report showed that although Chol-siRNA incorporated into
high-density lipoprotein (HDL) or low-density lipoprotein (LDL)
accumulated in the liver, kidney, adrenal gland, ovary, stomach,
and intestine, it was not detected in the brain after intravenous
injection.’” However, we suspect that it does not necessarily pre-
clude the transport of Chol-siRNA into the BCECs, because the
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