BAGBREMEEMES  (RIFEAEAENRESR)
SyHEMERE

PEREME siRNA B O R EIZ X 2FEREER 2 VAT 10—/ /VIEIZ
3T BEH LW IR OBRR

—HEEX Y )V T —OROBREED invivo A A—V  T—

SEFEE HHEFE ESBRIBREE ¥ —PFRF - BR
WRER

AEEIL, B3V RT o —LETF <7 X2 ApoB siRNA Z##; L 7= fFis
BREF v V7 — % mPRE L, WEDRLITMET 5 & RS, BO&E
B R T ADBER LR OEBEIC L DA ~DOERITMEIT -7,
B FEDTNVT (MW, 107,000)E4f PEI R U = —/siRNA HER DO EGHT
IHMER FB’ROTI N T (MW, 590018 PEL 43 U <~ —/siRNA &R DI 58 X
Y bmEl siRNA Qi EMSE, FFEERE. IFila~0XEELRL, fif =1
AT EOFERE T bR TE L, 2, BOHK 52X 5 siRNA OFF
BA~DT Y SY — X, BEICFEET S MMREN T VEBROBTHD B
1,3-D-glucan B N#FH5HAX+ ) 77— LTHEAT I Z L TERLE, 5%,
BEEORE, EVEEEOR EOEDDa—T 1 v 7HR EORFTEI
X V. siRNA OROFBEHIZ L DHRESEE 2 VAT o —)VIEDREIL 527

BBTHD LMD,

A BIERR
FEEOMEBHIRELL ST TZOT
H5, 1) FEMMEEET XY VT —0
REMDON LR S LR, Mz VAT
2—/VEF N T ARG X BB
REFET DL &, 2) BOBREFRERE
EVAT LD LR AKREIC LD ATIEME
B~OEBEFTMT O L TH D,

AiE, FBEmnELZHETLIINVT
(pullulan) IS E T 25K Y =—%F AT,
ApoB siRNA #EIRAYD>-OZh LAV ATHEA~
RETHZI LR L, LVEEEOR
EEZBHELTCRERSZS5TE (4900 &

107,000) DT T L 2 EMLERY v—%
B LT, &R~ —iZxtd 5 PR,
A, Y — 7747 BXW in
vivo 4 A=V TiHEiEITo T, BRI,
BHaALVATFo—/ILEF /e R CEBEEY
BEL, Pz 27—V EOEETH
~7e,

F, BOBEIZ L 5 siRNA OfFlE~D
FUNRY —EEBRTHDIL, BERICFEE
THMMIRENT LTI AN - RT A%
BA%E LT, BERZTEMRAYICH Y AT, M iR
OFFICER L, RUVEBORTH D B
1,3-D-glucan ¥ ¥ U 7—& LCHIH L=,



NUBRIEIEHTER ST SO TARK
AT 2R8I BRORERIZITHBA
RETHEIRETHD=D, EBANTO
HEEOZEERIRIZE L 2 S A AR LT
»5, B1,3-D-glucan FZE~FRY v —BINW
siRNA Z#EAL, HEBEREITo, #&
B EH T3 B1,3-D-glucan #kE~ 7 R
BOkE Lk, FER[BTB T A A
—T T EBE LR,

B. WF5E5iL

1. BR525F& (4,900 & 107,0000 OF
NT BB LTERY v —DEK

TG AEHRY =F L 4 I (PEDR
U=—id7F N7 (53F & 4,900 & 107,000,
0.3 unit mmol) &BAMEEAE LT LI-H
NAR= NV EA-IH-A I &4 —/L (CDI) (0.3
mmol) % fii/k DMSO 30 mL FCIRA L, =
BT 6 R L, TD%, R FL
YA 2 (GrFE 22 KkDa, 0.3 mmol) % FUSTE
BICHEM L, &I 24 BefEEE L, 5%
BN EZ AW TREICOBREZREL., ®
WEHRAEITS ZE CREME RN LT,

2. R w—DHEFE

C/A s 24, 48, 96, 192 &AL 51T
FHEE LR Y ~—/siRNA EAEERDY 1 XL
B RT UV Y NVNEBVARA Y 7 AED
Zetasizer(Nano series)Z FIVNTHIE L 7=,

3. BAEOEMEE

C/IA 396 £ 1921272 X 5 1A% L7
7’7 &S PEI 78 U ~— (PEl-pullulan)
/siRNA &1k % < 7 2 (BALB/c) (= B##Ik
BELIR, FECEREHBHLBSE TORE
EEFAT, =2 br— L LTPEISIRNA

BEEEZHWTEIROER T -,

4. RY~—/ApoB siRNA #HEED fn
BIZ X DB E— 7T 4 T BLOA A—
Vv 7 O

s — 77 4 v T RBEOA AP T
DFHfiL BALB/e = 7 A (6 8#H) & HAWT
1772, ApoB siRNA i Alex 750 X TZ
~fbLiz, ST o EM PEI R ~—
[SIRNA # &K (CA H 192) % 724X
PEISiRNA &K (CAK3) 2~V ADE
BIRE V&G L, 5%, 3.6, 12, B
LW 24 BRI~ U7 R B BRI SF, j#ss
CLfgE, A, ATIR. B, 38 X O %
FBHL, ®HHA A= v —2 X BB
BIF5EABELRE L,

5. B VAT —VET AT AL RV
BHHR O

<RI TN T UEM PEI R < —
/sIRNA & (C/A b 192) #& 58,
PEI/siRNA &4 (C/A . 3) # 5%, siRNA
BMEER, BXarba—kLTo
PBS BiZo T TERZT-7-. BERY
10 HRE#REE L, B VAT B—LET A<
T AEERL, 11 A E S 3 AHREGRES
(18 1EEE) Lk, 5% 4 BRI
R L TR 2T, P21 27 R
— VAB & FFIRIZ 351 5 Apo B mRNA OE1L
IR~

6. BAKEMD¥* v Y 7—DAIR L < TR
& N5 KB

RAERLIR U7z B 1,3-D-glucan (2 Alex 750
HOt T~V ApoB siRNA D¥E#K (siRNA :
B 1,3-D-glucan (w/w) DIE=0.5) % FN



L, =|ET 3 FRKEL, £D%, PEI
Y&k (PEI : siRNA (w/w) DHZE=80) %
ML, X biz6RFMKEY S Z & TsiRNA
& PEI & OFEERREIT T,

8 1,3-D-glucan N T, PEI & siRNA & DO
AR RITAMBEBE CHRA Lz, BE
#H A L7z B1,3-D-glucan %~ 7 X2 N0
BEL, 6 BEBIC Y RAEREL I,
lgse L&, f. FPBR. B, 35 KO
ERH L, 806 A=Yy —IC X D806
EERE LT,

C. MFFERER
1. RY = —DOFRL & YT

PEI 1 mol%\Zxt3 5 77 o DIEEIRIX
SSTE 5,900 DFNTUERTARY v —
DA 1T 0.69 mol%, 43 F-& 100,700 D7 /v
SoEFTHRY <X 0.64 mol%THo
7o FNT ER PEL R Y <= —/5iRNA &
EOY A 13 CA LBEASTDITEN,
A ZOEMBER s, B—FRT v
¥ /VIX C/A H 96 & 192 THIEITIEWRERY
Bohniz (K1),

2. EAEOBMTM

PEI/siRNA #&EEHEE LIz~ AHT
i%. C/A H 6 T 50%MDFETR L HEHKETD
BIEZHER LN, IVT EH PEI R
< —/siRNA A E DO EFE T C/A H 192
¥ TV ADORLT MR INT, fifikko
REblenolz (K2),

3. R U=—/ ApoB siRNA HEEDMLF
BEIZEBFRY — 7T 4 T BITA A
— v 7 O

TN AEH PEL R Y = —/siRNA &1

(C/A 1 192) OEEFETIT, 24 BHET
B VEOEIREE ST DB S, B
FEDO TSN AEMi PEL R Y = —/siRNA &
&4& (PEI-pullulan(MW, 5,900)/siRNA) &£ Y
b, MO FREOTNT AAEHM PEI RY < —
/siRNA # & f{& ( PEl-pullulan(MW,
107,000)/siRNA) D1E  BEN T & it
#R LT, —7F. PEI/siRNA fEEHK (C/A
Wo3) BERTIE, FRE Y bEI~0EH
RENTZ LRS- 72(K 3),

4, BaAlL AFr—LETF e A AW
TRPREH R O

iR E 10 AMGEL TERLL
Bl AT a—/ET <y A3 H
ks (1 B 1 s 21To7, &V
FBO T NT AEH PEL R Y < —/siRNA
A& (PEI-pullulan(MW, 107,000)/siRNA) #%
ERETIE TC (h—FLa L AT r—)V),
LDL, 3 &% VLDL DA & iTiE Apo B
siRNA DRBBOWD NHBTE T, — 7,
siRNA BiJ¥e 58, F /=% PEUsiRNA BE&
BB 5RETI, v bue—A#E (PBS &5
B LHARTE Tt (K4),

5. ROwEROX v ) 7 —0AIREEOE
Bz XA

N TEH B B 1,3-D-glucan DOH T PEI
& siRNA BMEAEER L TV 5 Z & 23A
MEEEE TR TE (W 5), £/, =7V
AR O EERTIE, T 072) biTlE s
B THOLREN LR LTV Z & AR
Tx7 (K 6).

D. &
AWtgec, FFEismEEAETHIINVT



(pullulan) #*# {&E#i L 7= Y ~—IL ApoB
SIRNA Z3EIRAD>-DZhRENZ TR ~E 7]
BERADIMEITHDE I LB oT, £
fo. TNT U REMTHZ LT, PEl B
2 TV 2 A O Rl M DRSS i P& E
HOmELERTE L,

BB 5F8 (4900 & 107,0000 O 7V
U EREHLERY ~—OFMm T, Ko
TEO T NT AAEHMi PEI AR Y ~—/siRNA
A& (PEI-pullulan(MW, 5,900)/siRNA) & ¥
H. BOTEDOS NG AAEH PEI R ~—
[SIRNA  # & {& ( PEl-pullulan(MW,
107,000)/siRNA) D 5 B L Y BN 7z &
EME L FFBERE S R Lz, Z#E, siRNA
LEEHREERT R, MaTFEOIVT
YOIEIBESFEOLOLD L, XVIA
WEH OBKEE Y . i F T
R EEER L SIRNA L ORESERET S Z
LT, siRNA #EEMNICHKET HZ LN T
ElrEZbNS,

¥, BI VAT VBT T AL
3 BREREREZITToHIEEERTHL, &
53 BO T NG AERT PEL A& J < —/siRNA
#41& (PEI-pullulan(MW, 107,000)/siRNA)
O¥EET, TC, LDL, ¥ XU VLDL fED
Z L WD & iR Apo B siRNA ZEE O]
LR TE 2, Bz, WRIZEAILE
siRNA O& (25pg) 1. LARRE Shici
X100 g) &k ¥ HIEWRETH Y 2 b, =
VAT u—/VEDRED & Tl ApoB mRNA
BB BEOMHZIREZ R LT,

INHLOFRRIL, BaFRELIV VEST
B 75 AEH PEL R U = —/siRNA 416
D3, BV siRNA I 22 E M FTIRETERE.
JFMfa~DEZEREZ A L TW\D T & Zmg
T 5, £, IBEAEETZARICERT

ICEETHZ T, BIEHD Y X7 28
THILELTEHEEZILNA,

I HiT. siRNA OROFREIZ X AR~
OFT VN —ZEBET LI VERT
»5 B1,3-D-glucan #RFOFERHFY U7
—& LCEALAE, B1,3-D-glucan OF T
PEI & SiRNA BSEEHZHHEL TSI &
PEMEBE CHR TR, 2, vUR
~OROKE 6 Kk, iTlHs: BigTox
HHEEN EFLTHWDZ EBHRTEE,
T, BEKBHEHAE N B1,3-D-glucan
M, BEICHEET S MMilaERE L Cid
WEIINEZ L ERET 5, £/, siRNA
B BRI T H| 1,3-D-glucan |38 B
BT D REMIC siRNA 26T 52 L
T&m, ThHDfERMNG, 1,3-D-glucan &
Xy V7L LTHERATHILT, BOE
5z X % siRNA OFFgT Y S U — i3 EZH 7]
BETHAHILBREBINS,

E. &
AT, BT TEDTSNVT (MW,
107,000{& 4 PEI R J <= —/siRNA B&ED
BEBTIHESTFEDO TNV T (MW, 5,900)
{&8 PEI R U = —/siRNA A KO 57 L
DL, BV siRNA O i 22 e, AFREETE.
e ~n%EEZRL, P2 L RAT0—
NEOEERBET MR LEL, £, 8
1,3-D-glucan # B OKER*+¥ U T7—¢ L
THEA L, FFiE~D siRNA 7V AU —IZ %
I, 5%, BaRORE. V&
EMDE LD DD a—T 4 v THRED
BEt72 P12 X 0 . ApoB siRNA DR #5412
XAEFIITRAHETH DI EEZLND,

F. SEREfERRTEH



AFFETIHBLED L ZAREICEREZ R

AR IR 22,

G. WrFERER
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2010.
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B4 ST B R Se B A B

(AR EHEAERT 0 36)

AEiELT e

BSREAE siRNA B O R EIC L AFEMER 2 LR T u—/VILEEIZ
X BH LGOS

—AIEZ — 4> k& LT D mPGES-1—

SEMTRE R

Bz NMRFRFE EFEHERE BRREEZSE #R

HRBE ~/n7y7—VIKERLTWIHEER S AL 75V ER
F%E%3E microsomal-prostaglandin E synthase-1 (mPGES-1) 7%, #iREE{LE D
RIEZIH L COREZLZELSEDIFT-RAFESI—Fy MMyT eV 53

PEPERF L, b MBI R MRMREE THP-1 2 U R£5 (LPS) THl
B35 L. mPGE-1 OREPFEIND A, MREMERRMEBERS

differentiation-inducing factor (DIF) (X, Z ® mPGES-1 DO % 78712
THZELRRH L, BEIEHBREFIZAN, £DRA I =X AOBRF 2 BUE

1ToTW3B,

A. BFEREH

MEREDRIEIL, HIRBELER DRET
BB WT, PR REERETEE
ZHNTWD, 21 ThH, v 7ur7y7—
COEMEIIREZ FREL L, BED

BRCMARDEREZFET LI LITLY,

SHEEEREEOBIECT S THLELD
nTna,
TRRET TV E, (PGE) IIRIE
RIGDEBRAT 4 2—F—THY, <
707y —=VRFERIED—2E LT
PGE, % 49 %, PGE, DEAMR L LT
{X. microsomal prostaglandin E synthase
(mPGES-1. mPGES-2) & cytosolic
prostaglandin E synthase (cPGES) ® 3 f&
ErHONTWS, ZDHH mPGES-1 i
RIEMRFIC LV 2OREAS EH L, &
SEEDHERIZBEE T L ATRINTE
D, BIEEDSE—5 v MIRDATREMED D
Do
T id, MRRMERE RS IEEER T
differentiation-inducing factor (DIF) 73— 7
v 77— VM (U937 % £ O THP-1)
RV TRIEMEIZFEE D mPGES-1 O
FEREMEN T D2 RAE LR, 20
BFRICOVWTRIAHATSHS, 22T 4
B DEFF D —¥5 & B b 2T <R

2iTo7,

B. MIEF#E
1 KAKaks®

t FEKXXKIBESA HCT-116 i, E b
FEIENA B Hela iR OEE&IZIZ 10%
v VAT ML E & 0 % 7~ DMEM K% A
Wi,

2. Yz RZ Ty b

FIB L 7~ Hifg 2 B L, SDS-PAGE iZ
TEUNNIEEGMELT, # o 08%
BELEA VT L 2—KREUE
(mPGES-1, GAPDH, Egr-1) & i X8,
HREEALEZ PR L,

3 t b mPGES-1 7 u&—& —{EHEH]
E

24 REEER S L— MZIXI10°ED
HCT-116 #fR % /-1 HelLa g 2 X | 24
%, & F mPGES-1 o€ —4&—
(-35/-1068 bp) FAAATZR X NN T
I =B LR F - H
(pGL3-Basic) &EAZROBEIELD -
YOI VAEINY T 2T —F LiR—
& —~7 ¥ —(pRL-SV40)Z Ml I EA L
7ro 24 BERA%. DIF-1 (10 £721X30uM)



T6, 12, KU 24 Fyfas L7, ALk
O HCT-116 MlBIZB T VY 7 =T —F
&M % Promega . % > b Dual Luciferase
Assay System % FVNTHIE L7z,

4. U 7 V& A L PCR FEHT

)3 U 7= M & B4 L, Torizol #AFE

(GIBCO) % FAV T h—% /L RNA % it
L7, fliH L7 RNA (¥ High-Capacity
c¢DNA Reverse Transcription Kits (Applied
Biosystems)% AV T ¢cDNA & L, U7V
% A4 5 PCR #%{& ABI-7500 % f\T
TagMan Gene Expression Assay Kit (Applied
Biosystems) (Z CRENT 21T o7z, 774~
— X GAPDH. mPGES-1 & Hv £ 1
Hs99999905 m1., Hs01115610_m1 (Applied
Biosystems) %/ L7z

C. WFFEkER
1 DIF-1I2X% mPGES-1 DF¥ V&
ZEH
FEITVHBAHIEE X OKRE AR
T, RIEHEOHBAHFLELRITY
mPGES-1 BEBE L TWAZ ENRMOLNT
W5, £Z T, £ HDOHID mPGES-1
DOFRBIZRITT DIF DEZBIZ OV THRET
L7, 1R LZX DT, mMkicE
W C R EME LS DIF-1 12 & Y mPGES-1
DOFEBHBIME X, £ OHFEITAIFERE 6
RS LA T S RO b,

A. HCT-116 B. Hela

MPGES-1 i 4 & w0

MPGES1 e v mmw « -

GAPDH ®wwmmmem  GAPDH ==~ ===~
DIFAQOWM) - - + -+ .+ OFIQ0WM) - -4 -4-#4 -4
Tme(h) 0 6 12 24  Tme) 01 3 6 0

1 DIF ® mPGES-1 D3I RIE 3758

2 DIF-1 ® mPGES-1 70 £—#% —i&tE
~DEE

WIZ DIF-1 ® mPGES-1 7' a £ — 4% —i&
PEIC RIETEBIZOWTHRE 21T T2,

A. HCT-116 B. HelLa

& control

- DIF-1
& conirol

- DIF1

1]
-l T
o = o

>
Fold of control at time 0

Fold of control at time

-
5 o

X 2

2 mPGES-1 7’1 & — & —{HHIC RIFT
DIF-1 OFEIZRT X D I H AMIRIZ

$ T, DIF-1 X mPGES-1 O mn&—#

—IEMEERIEI L, TOMEITF NI HE
OFBIME L0 b RVEFFERBRZ R LT,
K12 HeLa MR CIIAiE 4 1 FefEI 6.

HRTEEDOET 2RO bl

3 DIF-11Z X 5 mPGES-1 mRNA ZEE#)
il

HeLa iz DIF-1 30uM) Z#HML
1.3, 6 B> 7 Z B L RNA
PR L, TREAWTY T VEA A
PCR 12T mRNA OREREBEOEL & REt
L, 312777 & 912 DIF-1 OEIMIZ
X v B 5272 mPGES-1 ® mRNA DZEL
BOETARO N, ZO/RRND,
DIF-1 7 mRNA ORBEX KT IEDHZ
Lizk V. mPGES-1 ¥ /X7 ERB &
PRWOERFTVWD I ERNRBREINT,



-~ control
-+ DIF-1

-
o
J

Fold of control at time O
5

ol
o
1

X 3 mPGES-1 ® mRNA Rz &KIFT
DIF-1 D%h5E

4 DIF-1 DREBEEER T Egr-1 ~
)2

mPGES-1 @7 1 & — & —{EM % 4
¥R Egr-1. NFkB, AP-1 72 &3
HHNTWHWDEH, O THEFIC Egr-l
DOFHL EFHIT X Y mPGES-1 D3I A358 )
WHFEINDZERELNTWS, 2
C. Egr-1 ®FBLZKXIFJ DIF-1 DEEIC
SOWTHRH L, R4iornT Lo, F
#BICK LT, DIF-1 12X Y —iBHEIC Egr-1
DRBEN EFTHZEHRENTE, (K4),

A. HCT-116
Egr1 T fems

B. HelLa

S ——
GAPDH = ==« o= o o o o

DIF-1(30uM) - - + - + . + - #

DIF-1(0uM) - -+ - Timeth) 0 1 3 6 12

Time(h) 0 1

[X] 4 DIF-11Z & % Egr-1 ~D5 %

D. B%&

I D JAE % HIiH] 3 2 TRRARRI 4 F &
RFTHEMNT, w777 —TOIEHE
{LERIEFIEDAT 4 =—F—Th b
PGE, DFEAZRICER L TRHNE21T-o 7=,

MEOHRIEETHDHIEAT oA M
PIRIESK (NSAIDs) (X, 7 uAdxo 47

F—¥-2 (COX-2) #MHIFTHZ LITLY
THED PGE, DFEA Z #3523,
NSAIDs (X COX-1 Z LT 5720, 4
HHREDHERF I BER A 2V )4 FD
PEABETERTLES, ZORIELHR
T B0, RIEFRICHEE IS COX-2
WCHERARAER (kraxyrRy)
DRI, T CIBREHRSLTWS
N, INHDOEANLX, TuRFY ALY
Y OFEERICE B E BN LLEA
N NOWMESIEEZ T EHARES
., FOFMEABHIRINTVWS,

Z T, RIERE I H 5 PGE, DEA
RG] T D HFEERET A9,
RIEMERPL T2 BT 2 EHER 2 PGE, BE
AREFETH D mPGES-1 12EF R L7,

AEEE TOMEICL Y. & MEHME
[ LR AR THP-1 2, PMA TAET S
Zlizk~rurr—UKMRIZSE
SH, ZHICRIESERMEINZ S &
mPGES-1 # VX7 BDOFEIRBDLND
D3, MUREMEREE DS PEA T B LR
DIF-1 25, RIEMHHIZ LV FEIND
mPGES-1 OZBLAIEI L7z, S HIZ, DIF
X mPGES-1 O 7 1 & — & — &M 24
%z L2k, mPGES-1 DI &M L
TWAZ LRI, REEITIZDH
12, RIERE Z N % 72 < TH mPGES-1 &
RELTRY, THhICXVEAIND
pGE2 MBADHERIZEEL TWNHE X
o 2MEO e bHENAMAE HCT-116
iR L HeLa Mgz AW TR 21To T,
RIAEIZ BT Z 2R 7 B ORI AT
LT rE—F —{HEHEDOE TN
mRNA BB TRRO N b,
DIF-1 73 mPGES-1 DERE{EM A FLET 5
ZEICKVBAFZETIETCNHDLZ LN
6N ERoTz, 2T, mPGES-1 DfX
FHREEEBER 1 TH D Egr-1 OFEBIZE
I3 DIF-1 O EIZHOWTHRE L &
A, FHIZKLTDIF-1I2XY Zoix
BERFOREED EATHZ LR REINT,
ZDOFERIX, DIF BE LWEFICE - T
mPGES-1 DEEIEM: % FHE L TV 5 FTRE
HERTHOTH D,



E. &

mPGES-1 B L2 RIEI DAL &7 —
7w FTHY ., DIF RHIRIER E L THE
AET B AIREMEDS R X 7z,

F. REGRER
AR CIIBUED & = AREFIfab %
R IE9 RIHEME I 220,

G. HFEEREK

1.Miwa, Y., Tsuchihashi, T., Ohta, Y.,
Tominaga, M., Kawano, Y., Sasaguri, T.,
Ueno, M., & Matsuoka, H. (2010)
Antiproteinuric effect of cilnidipine in
hypertensive  japanese  treated  with
renin-angiotensin-system inhibitors - A
multicenter, open, randomized trial using
24-hour urine collection. Clin. Exp.
Hypertens. 32(6), 400-405

2. Toko, H., Takahashi, H., Kayama, Y., Oka,
T., Minamino, T., Okada, S., Morimoto, S.,
Zhan, D.-Y., Terasaki, F., Anderson, ME.,
Inoue, M., Yao, A., Nagai, R., Kitaura, Y.,

Sasaguri, T., Komuro, [I.  (2010)
Ca2+/calmodulin-dependent ~ Kinase I3

causes heart failure by accumulation of p53
in dilated cardiomyopathy. Circulation
122(9), 891-899

3. Yoshihara, T., Takahashi-Yanaga, F.,
Shiraishi, F., Morimoto, S., Watanabe, Y.,
Hirata, M., Hoka, S., &_Sasaguri, T. (2010)
Anti-angiogenic effects of
differentiation-inducing factor-1 involving
VEGFR-2 expression inhibition independent
of the Wnt/beta-catenin signaling pathway.
Mol. Cancer 9(1), 245

4. Takashima, Y., Miwa, Y., Mori, T,
Hashimoto, M., Uchino, A., Yuzuriha, T.,
Sasaguri, T., & Yao, H. (2010) Sex
differences in the risk profile and male
predominance in silent brain infarction in
community-dwelling elderly subjects: the
Sefuri brain MRI study. Hypertens Res. 33(7),

748-752

5. Tadano, N., Du C.-K., Yumoto, F,
Morimoto, S., Ohta, M., Xie, M.-F., Nagata,
K., Zhan, D.-Y., Lu, Q.-W., Miwa, Y.,
Takahashi-Yanaga, F., Tanokura, M., Ohtsuki,
I., &_Sasaguri, T. (2010) Biological actions
of green tea catechins on cardiac troponin C.
Br. J. Pharmacol. 161(5), 1034-1043

6. Wang, Y.-Y., Morimoto, S., Du, C.-K., Lu,
Q.-W., Zhan, D.-Y., Tsutsumi, T., Ide, T,
Miwa, Y., Takahashi-Yanaga, F., & Sasaguri,
T. (2010) Up-regulation of type 2

iodothyronine  deiodinase  in  dilated
cardiomyopathy. Cardiovasc. Res. 87(4),
636-646

7 . Matsuda, T., Takahashi-Yanaga, F.,
Yoshihara, T., Maenaka, K., Watanabe, Y.,
Miwa, Y., Morimoto, S., Kubohara, Y., Hirata,
M., & Sasaguri. T. (2010) Dictyostelium
differentiation-inducing factor-1 binds to
mitochondrial malate dehydrogenase and
inhibits its activity. J. Pharmacol. Sci. 112(3),
320-326



Bioorganic & Medicinal Chemistry 18 (2010) 3946-3950

B ——
Chvemistry

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier.com/locate/bmc _ o

Liver-targeted siRNA delivery by polyethylenimine (PEI)-pullulan carrier

Jeong-Hun Kang !, Yoichi Tachibana >', Wakako Kamata ", Atsushi Mahara b Mariko Harada-Shiba®,
Tetsuji Yamaoka ><~

2 Laboratory for Advanced Diagnostic Medical Devices and Department of Biomedical Engineering, Advanced Medical Engineering Center.

National Cardiovascular Center Research Institute, 5-7-1 Fujishiro-dai, Suita, Osaka 565-8565, Japan

b Department of Biomedical Engineering, Advanced Medical Engineering Center, National Cardiovascular Center Research Institute, 5-7-1 Fujishiro-dai, Suita, Osaka 565-8565, Japan
< Department of Bioscience, Advanced Medical Engineering Center. National Cardiovascular Center Research Institute, 5-7-1 Fujishiro-dai, Suita, Osaka 565-8565, Japan

d CREST, Japan Science and Technology Corporation, 5 Sanbancho, Chiyoda-ku, Tokyo 102-0075, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 5 March 2010
Revised 12 April 2010
Accepted 13 April 2010
Available online 18 April 2010

Recently, small interfering RNA (siRNA)-based therapeutics have been used to treat diseases. Efficient and
stable siRNA delivery into disease cells is important in the use of this agent for treatment. In the present
study, pullulan was introduced into polyethylenimine (PEI) for liver targeting. PEI/siRNA or pullulan-con-
taining PEI/siRNA complexes were delivered into mice through the tail vein either by a hydrodynamics-
or non-hydrodynamics-based injection. The incidence of mortality was found to increase with an
increase in the nitrogen/phosphorus (N/P) ratio of PEI/siRNA complexes. Moreover, the hydrodynam-

Kieywonds: - ics-based injection increased mice mortality. Introduction of pullulan into PEI dramatically reduced
Polyethylenimine R o i .

Gene delivery mouse death after systemic injection. After systemic injection, the PEl/fluorescein-labeled siRNA complex
Cationic polymer increased the level of fluorescence in the lung and the PEI-pullulan/siRNA complex led to an increased
Cytotoxicity fluorescence level in the liver. These results suggest that the PEl-pullulan polymer may be a useful,

low toxic means for efficient delivery of siRNA into the liver.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Small interfering RNA (siRNA)-based therapeutics, which are
now recognized as a medical approach for the treatment of
difficult-to-cure diseases such as viral infections and tumors, are
attracting considerable attention in recent times.!? However,
naked siRNA is unstable in the bloodstream and is rapidly elimi-
nated through the urinary system. Moreover, its negative charge
inhibits efficient cellular uptake due to the negative charge of the
cell surface. Thus, efficient and stable siRNA delivery into diseased
cells is critical in this treatment modality. Many researchers have
attempted to induce various chemical modifications into siRNA
or to form complexes with several cationic carriers such as cationic
polymers, liposomes, peptides, or proteins.3->

Among cationic polymers, polyethylenimine (PEI) is the most
popular synthetic polymer and has a high cationic charge density.
It has been widely used to deliver siRNAs into cell lines or tissues.
Naked siRNAs are unstable and are rapidly degraded, but PEl is able
to form stable complexes with siRNAs, leading to the protection of
genes from enzymatic degradation. Moreover, PEl shows a strong
buffer capacity over a wide range of pH values: this plays an

* Corresponding author. Tel.: +81 6 6833 5012; fax: +81 6 6835 5476.
E-mail address: yamtet@ri.ncvc.go.jp (T. Yamaoka).
* These authors contributed equally to this work.

0968-0896/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2010.04.031

important role in the escape of genes from the endosome after
endocytosis. On the other hand, the high cationic density of PEI al-
lows for the formation of highly condensed complex with siRNAs,
but complex formation with PEI can lead to cytotoxicity.®"'° Infor-
mation on the safety and biodistribution of PEI or PEI/siRNA com-
plexes both in vitro and in vivo would contribute to improving the
safety and efficiency of siRNA delivery using PEL

In the present study, we introduced pullulan into PEL Pullulan is
a water-soluble polysaccharide consisting of three a-1,4-linked
glucose polymers with different o-1,6-glucosidic linkages. It is
used for liver targeting because of its high affinity for the asialogly-
coprotein receptor in the liver.''"'* We delivered PEI/siRNA or
pullulan-containing PEI/siRNA complexes into mice through the
tail vein by a hydrodynamics- or non-hydrodynamics-based injec-
tion. The incidence of mortality was found to increase with
increasing the nitrogen/phosphorus (N/P) ratio of PEI/siRNA com-
plexes. On the other hand, the introduction of pullulan into PEI re-
duced mouse mortality and increased liver-targeting efficiency.

2. Results and discussion
2.1. Polymers

A linear 22-kDa PEI was used for the synthesis of the siRNA and
PEl-pullulan polymer complex (Fig. 1). The amount of pullulan in
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Figure 1. Chemical structure of pullulan and PEl-pullulan. To synthesize the PEl-
pullulan polymer, 48.6 mg of pullulan (M, 107,000; 0.3 unit mmol) and 24.3 mg of
carbonyldiimidazole (CDI; 0.15 mmol) were stirred in 30 mL of anhydrous dimeth-
ylsulfoxide (DMSO) at room temperature and then 13.2 mg of linear PEI (M.,
22 kDa; 0.3 mmol) was added to the mixture.

the polymer was estimated to be 39 mol % and molecular weight of
polymer was 2.6 x 10° (see Supplementary data). The zeta poten-
tials of polymer/siRNA complex increased with increasing N/P ratio
and showed nearly neutral at N/P ratios of 48 and 96 (see Supple-
mentary data).

2.2. Measurements of complex diameters

The complexes of polymer and siRNA were prepared at several
N/P ratios (1.5, 3, 6, 12, 24, and 48) and were determined using a
Zetasizer. The particle size decreased with increasing N/P ratio.
PEI/siRNA complexes showed <200 nm for all N/P ratios, whereas
PEl-pullulan/siRNA complexes with ratios of 12 to 48 were
<200 nm (Fig. 2).

2.3. Electrophoresis of the polymer/siRNA complex

Polymers were mixed with siRNA at several N/P ratios. The
complexes were analyzed by electrophoresis. Bands corresponding
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15 3 6

B PEI/siRNA complex
OPEI-pullulan/siRNA complex

Diameter (nm)
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Figure 2. Diameter of the PEI/siRNA or PEI-pullulan/siRNA complexes. Polymer and
siRNA complexes were simply prepared by incubating siRNA and polymer in water.
The diameters of the complexes were determined using a Zetasizer.

N/P 0 1.5 3 6 12 24 48

N/P 0 15 3 6 12 24 48 96

Figure 3. Electrophoresis of (A) PEI/siRNA and (B) PEI-pullulan/siRNA complexes.
Various concentrations of the polymer were mixed with the siRNA and analyzed by
19% polyacrylamide gel electrophoresis. A N/P ratio of 0 implies siRNA alone.

to free siRNA in the PEI/siRNA complex were not observed when
the polymer was present at N/P ratios of above 3, whereas when
the N/P ratios were 1.5 and 3, bands corresponding to free siRNA
were observed. In the case of the PEl-pullulan/siRNA complex,
no suppression of siRNA was indentified in those complexes
with N/P ratios of 1.5 to 24, while siRNA migration in complexes
with N/P ratios of >48 was suppressed (Fig. 3). These results show
that introduction of pullulan into PElI weakens the polymer and
siRNA complex.

2.4. Safety of polymer/siRNA complexes in vivo

PEI alone, the PEI/siRNA complex, and the PEI-pullulan/siRNA
complex were injected into mice using a hydrodynamics-based or
a non-hydrodynamics-based procedure. PEl alone or the PEI/siRNA
complex with high N/P ratios (> 6.0) increased mice mortality after
systemic injection using the non-hydrodynamics-based procedure
(Fig. 4); note that all mice died when complexes with N/P ratios
of >12 were injected (data not shown). Similarly, previous studies
reported that the PEI/DNA complex with a N/P ratio of 6 resulted in
the death of 50% of the injected mice.'*'> However, all mice died
when PEl alone or the PEI/siRNA complex with a N/P ratio of 3
was injected using the hydrodynamics-based procedure. Hydrody-
namics-based transfection was developed to deliver naked DNA or
RNA into the liver by intravenous injection of a large volume of DNA
or RNA solution at high velocity. This is an efficient method for
liver-specific in vivo gene delivery.'®!” However, in our study, high
mouse mortality was observed when the hydrodynamics-based
procedure was used for the in vivo delivery of PEI/siRNA complexes.

All dead mice lapsed into dyspnea less than 30 min after injec-
tion and showed hemorrhage-like dark red regions in the lung.
There was no difference in mortality between mice injected with
PEI alone and those injected with the PEI/siRNA complex, but more
severe hemorrhage-like dark red regions were observed in the
former (Fig. 4A and B).

Concerning the death of mice after systemic injection,
Fahrmeir’s group suggested that free PEIs after complex formation
with DNA correlate with mouse mortality.'® Several studies
showed that increased gene expression in the lung is associated
with lung damage and mouse mortality after intravenous injection
of PEI/DNA or modified PEI/DNA.'>'920 |n the present study, PEI/
siRNA showed a similar in vivo toxicity to PEI/DNA.

On the other hand, no mortality was observed in mice injected
with PEI-pullulan/siRNA complexes with N/P ratios of 6 to 48 by
the hydrodynamics-based procedure mice (Fig. 4B) and the
non-hydrodynamics-based procedure (data not shown). These
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Figure 4. Delivery of PEI alone or polymer/siRNA complexes into mice by using the (A} non-hydrodynamics- or (B) hydrodynamics-based procedure. Numbers of dead mice

per total mice are described below.

results suggest that intravenous injection with PEI alone or the PEI/
siRNA complex at high N/P ratios can increase mortality, but intro-
duction of pullulan into PEI results in low mortality. Moreover,
hydrodynamics-based injection can increase the mouse mortality
rate, compared to non-hydrodynamics-based injection. High
in vivo toxicity or mortality caused by systemic injection of the
PEl-based complex is an obstacle to be overcome. Many research
efforts such as the introduction of poly(ethylene glycol) (PEG)'®
and removal of free PEIs after complex formation'® were reported
to efficiently reduce in vivo toxicity or mortality. In the present
study, introduction of pullulan to PEl dramatically reduced
in vivo toxicity and mortality.

2.5. Biodistribution after injection of the polymer/siRNA
complex into mice

siRNA formed a complex with PEI at a N/P ratio of 3 and with
PEl-pullulan at a N/P ratio of 48. Complexes were injected into
the mice via the tail vein using the non-hydrodynamics-based

procedure. The fluorescence in each tissue (heart, lung, liver,
spleen, and kidney) was detected at 1 or 3 h after the injection.
At 1h after the injection of the PEI/siRNA or PEI-pullulan/siRNA
complex, fluorescence was identified mainly in the lung and kid-
ney. At 3 h, fluorescence increased in the livers of the PEl-pullu-
lan/siRNA complex-injected mice, but was barely found in the
livers of the PEI/siRNA-injected mice (Fig. 5).

Several studies have reported that linear and branched PEl/gene
complexes show different biodistribution and transfection effi-
ciency.® The linear PEl/gene complex exhibits more efficient
transgene expression in the lung when injected intravenously, as
compared to the branched PEl/gene complex;®7%1%2" however the
transgene expression of the branched PEl/gene complex may be more
efficient in other tissues (e.g., kidney).®%? Further, although PEI cyto-
toxicity depends on molecular weight and N/P ratios, the branched
PEl/gene complex is found to have higher toxicity or cause more tis-
sue damage as compared to the linear PEl/gene complex.®9??

In the present study, we used a linear 22-kDa PEI for complex
formation with siRNA and for synthesizing the PEl-pullulan
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Figure 5. Biodistribution after injection of PBS, siRNA alone, or polymer/fluorescein-labeled siRNA complexes. The siRNA was bound with PEl ar a N/P ratio of 3 and with PEI-
pullulan at a N/P ratio of 48. The fluorescence in each tissue (heart, lung, liver, spleen, and kidney) was detected (A) 1 or (B) 3 h after the injection,

polymer. When the 22-kDa linear PEl/gene complexes were trans-
fected via systemic administration, the main target was the lung
and lower levels of transfection were found in the brain, heart,
liver, spleen, and kidney.'* High transgene expression in the lungs
may relate to rapid crossing of the pulmonary endothelial barrier
by the PEl/gene complexes.’' Similarly, we found the highest level
of fluorescence in the lung compared to other tissues [heart, liver,
and spleen) at 1 h after intravenous injection of the PEI/siRNA
complex at a NJP ratio of 3 (Fig. 5). Fluorescence in the kidney
may be caused by elimination of biodegraded free fluorescein from
the system.

siRNA-based therapeutics are recognized as a useful approach
for liver (hepatic) diseases such as hepatitis B and C, but develop-
ment of liver-targeted siRNA delivery system is an important prob-
lem to solve." In the present study, pullulan, a water-soluble
polysaccharide, was introduced into PEI to increase liver-targeting
efficiency. At 3 h after the injection, we found highest level of fluo-
rescence in the livers of the PEl-pullulan/siRNA complex-injected
mice (Fig. 5). Thus, our system may be a useful means for efficient
delivery of siRNA into the liver.

3. Conclusions

We found that introduction of pullulan to PEl increased
the level of fluorescence in the liver. This finding may be
explained by the fact that pullulan has a high affinity for asialo-
glycoprotein receptors in the liver.''"'® Moreover, systemic
delivery of PEl-pullulan polymer dramatically reduced mouse
death. These results suggest that the PEI-pullulan polymer may
be an efficient and low toxic means for siRNA delivery into the
liver.

4. Materials and methods
4.1. Fluorescein-labeled siRNA

The gene (apoB siRNA) used in this study was amidated and its
sequence was as follows: 5-GUCAUCACACUGAAUACCAAUATAT-3
(sense) and 5'-dTdTCACAGUAGUGUGACUUAUGGUUA-3' (anti-
sense). Alexa Fluor 750 (Invitrogen, Tokyo, Japan) was used as an
amine-reactive dye. The fluorescein-labeled siRNA was dialyzed
against water containing 0.1% diethylpyrocarbonate (DEPC) for
2 days in a dialysis membrane bag with a molecular weight
(MW) cut-off of 3500, followed by lyophilization.

4.2. Synthesis of PEI-pullulan polymer

A mixture of 48.6 mg of pullulan (M,,, 107,000; 0.3 unit mmol)
and 24.3 mg of carbonyldiimidazole (CDI; 0.15 mmol) was stirred
in 30 mL of anhydrous dimethylsulfoxide (DMSO) at room temper-
ature. After 4 h, 13.2 mg of linear polyethyleneimine (PEl; M,
22 kDa; 0.3 mmol) was added to the mixture and further stirred
at room temperature under a nitrogen-rich atmosphere for 1 day.
The mixture was dialyzed against water for 3 days in a dialysis
Spectra Pore membrane bag with a molecular weight cut-off of
10,000 (Spectrum Laboratories, Inc., Rancho Dominguez, CA), fol-
lowed by lyophilization to obtain a PEI-pullulan polymer powder.

The buffering capacity of the PEl-pullulan polymer from pH 12
to 3 was determined by acid-base titration. Briefly, the polymer
(4.8 mg) was dissolved in 8 mL of 150 mM Nac(l to a final concen-
tration of 0.6 mg/mL and the pH of the polymer solution was set to
12 with NaOH. The solution was subsequently titrated with 0.1 M
HCl.
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4.3. Measurements of the diameter of complexes

Polymer and siRNA complexes were prepared by incubating
both the siRNA and the polymer in water for 30 min. The final con-
centration of the siRNA was adjusted to 1 ug/mL using water (pH
7.3). The diameters of the complexes were determined using a
Zetasizer (Malvern Instruments, Malvern, UK) with the He/Ne laser
at a detection angle of 173° and a temperature of 25 °C.

4.4. Electrophoresis of the polymer/siRNA complex

For the electrophoresis experiment, various concentrations of
the polymer were mixed with the siRNA in ultrapure distilled
water (Invitrogen) at room temperature for 30 min, and then ana-
lyzed by 19% polyacrylamide gel electrophoresis.

4.5. Delivery of polymer/siRNA complexes into mice by direct
injection

All animal studies were performed in accordance with the
Guidelines for Animal Experiments, established by the Ministry
of Health, Labour and Welfare of Japan, and by the National Cardio-
vascular Center Research Institute. Male 6-week-old BALB/c mice
(CLEA Japan Inc., Osaka, Japan) weighing approximately 22 g were
used in this study. The mice were maintained in a temperature-
controlled room (22 °C) with a 12-h light-dark cycle and were pro-
vided with a standard pellet diet (CE-2; CLEA Japan) and water ad
libitum. One week after arrival, mice were divided into two groups,
the hydrodynamics injection group and the non-hydrodynamics
injection group. In the hydrodynamics injection group, 2mL of
5% glucose solution containing each polymer/siRNA complex was
injected, whereas in the non-hydrodynamics injection group,
0.2 mL was injected. For the hydrodynamics-based procedure,
solutions were injected over 6-8 s into the tail vein using a 27-
gauge needle. The mice were sacrificed 1 or 3 h after the injections,
and thereafter each tissue type (lung, heart, liver, spleen, and kid-
ney) was excised. Images were obtained with the Maestro In Vivo
Imaging System (Cambridge Research & Instrumentation, Woburn,
MA, USA).
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BACKGROUND: C-reactive protein (CRP) increases in re-
sponse to inflammation and is purported to be a risk
factor for atherogenesis. We recently demonstrated
that a scavenger receptor, lectin-like oxidized LDL re-
ceptor (LOX-1), is a receptor for CRP. In light of the
overlapping ligand spectrum of scavenger receptors
such as modified LDL, bacteria, and advanced glyca-
tion end products, we examined whether other scaven-
ger receptors recognize CRP.

METHODS: We analyzed the uptake of fluorescently la-
beled CRP in COS-7 cells expressing a series of scaven-
ger receptors and in a monocytic cell line, THP-1,
differentiated into macrophage with phorbol 12-
myristate 13-acetate (PMA). We applied small interfer-
ing RNA (siRNA) against class-A scavenger receptor
(SR-A) to THP-1 cells to suppress the expression of
SR-A. We also analyzed the binding of nonlabeled CRP
to immobilized recombinant LOX-1 and SR-A in vitro
using anti-CRP antibody.

ResULTs: COS-7 cells expressing LOX-1 and SR-A
internalized fluorescently labeled CRP in a dose-
dependent manner, but cells expressing CD36, SR-BI,
or CD68 did not. The recombinant LOX-1 and SR-A
proteins recognized nonlabeled purified CRP and na-
tive CRP in serum in vitro. THP-1 cells differentiated
into macrophage-like cells by treatment with PMA-
internalized fluorescently labeled CRP. siRNA against
SR-A significantly and concomitantly inhibited the ex-
pression of SR-A (P < 0.01) and CRP uptake (P <
0.01), whereas control siRNA did not.

concLusions: CRP is recognized by SR-A as well as
LOX-1 and taken up via SR-A in a macrophage-like cell
line. This process might be of significance in the patho-
genesis of atherosclerotic disease.

478

C-reactive protein (CRP),' which is synthesized by
hepatocytes in response to inflammation and tissue
damage (1), binds to various ligands exposed on dam-
aged tissues or bacteria promoting phagocytosis and
complement activation with Clq (1, 2). Plasma CRP
concentrations may rise as much as 1000-fold during
infection or inflammation (3). In addition, CRP con-
centrations, within the reference range, can predict
cardiovascular diseases (4, 5), and there is a good
correlation between plasma CRP concentrations and
the degree of atherosclerosis in hypercholester-
olemic rabbits (6).

Fcy receptors CD16, CD32, and CD64 have been
reported as the receptors for CRP (7-9). In addition,
we recently demonstrated that CRP increases vascular
permeability through a direct binding to lectin-like ox-
idized LDL receptor (LOX-1), which is expressed in
endothelial cells (10 ). Members of the scavenger recep-
tor family, such as class A scavenger receptor (SR-A),
CD36, LOX-1, and scavenger receptor B-I (SR-BI), rec-
ognize common ligands such as modified LDL, bacte-
ria, and advanced glycation end products, and they are
thought to affect the progression of atherosclerosis
(11, 12). In this study, to further elucidate the athero-
genic properties of CRP, we addressed whether other
scavenger receptors are involved in the recognition
of CRP.

Human sera with high and normal concentrations
of CRP were obtained from Dako. Human CRP puri-
fied from pleural fluid was purchased from Chemicon
(AG723). Sodium azide in the solution was extensively
removed by dialyzing 3 times against a 3000-fold vol-
ume of Dulbecco’s PBS (Wako). Gram-negative bacte-
rial endotoxins were undetectable by limulus amebo-
cyte lysate (Associates of Cape Cod), which can detect
as little as 0.03 endotoxin units per mL endotoxins.
CRP was fluorescently labeled with CypHer5E (GE
Healthcare) and dialyzed 3 times against a 3000-fold
volume of PBS.

COS-7 cells maintained with Dulbecco’s modified
Eagle’s medium (DMEM,; Invitrogen)/10% fetal bovine
serum (FBS) were seeded 1 day before transfection. After
reaching 80%—90% confluency, we transfected the cells
with the plasmid using Lipofectamin 2000 transfection
reagent (Invitrogen). We used the following cDNAs: hu-
man LOX-1 (GenBank NM002543), SR-A (GenBank
NMO002445), CD36 (GenBank NM000072), SR-BI (Gen-
Bank NM005505), CD68 (GenBank NM001251), and

! Nonstandard abbreviations: CRP, C-reactive protein; LOX-1, lectin-like oxidized
LDL receptor; SR, scavenger receptor; DMEM, Dulbecco’s modified Eagle’s
medium; FBS, fetal bovine serum; siRNA, small interfering RNA; PMA, phorbol
12-myristate 13-acetate; SRA-C6, anti-SR-A antibody; DAPI, 4',6-diamidino-2-
phenylindole.
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dectin-1 (GenBank NM197947), which were sub-
cloned into pcDNA6.2/V5/GW/D-TOPO expression
vector (Invitrogen). We used pcDNA3.1/V5-His/lacZ
(Invitrogen) as a control. After 48 h, we washed the
cells with DMEM:1% antibiotics and antimycotic
(AbAm; Invitrogen). We replaced the medium with
CypHer5E-CRP-containing DMEM/1% AbAm and
incubated the cells for 2 h at 37 °C. After washing with
PBS, the cells were fixed with phosphate-buffered for-
malin (Wako) and permeabilized with 0.1% Triton
X-100/PBS. We detected the expression of each recep-
tor by immunostaining with anti-V5 antibody (Nacalai
Tesque) combined with Alexa 488 antimouse IgG (In-
vitrogen). The nuclei of the cells were counterstained
with 0.5 mg/L 4',6-diamidino-2-phenylindole (DAPI)
(Sigma). We divided the fluorescence intensities of
CypHer5E and Alexa 488 by the cell number in a field,
then divided the CypHer5E-CRP fluorescence inten-
sity in the field by the Alexa 488 fluorescence value.
These quantitative analyses were performed with an IN
Cell Analyzer 1000 system (GE Healthcare).

We prepared recombinant human SR-A (amino
acids 76 —358) as described for LOX-1 (10). Recombi-
nant human SR-A (0.1 ug) or BSA (0.1 pg, Sigma) was
immobilized to each well of 384-well plates (High
Bind; Corning) by incubating at 4 °C in PBS overnight.
After 2 washes with PBS, the plates were blocked with
80 L of 20% ImmunoBlock (DS Pharma)/PBS at 4 °C
for 8 h. After washing twice with PBS, we added CRP
in the reaction buffer (10 mmol/L HEPES, 150
mmol/L NaCl, 2 mmol/L CaCl,, 1% BSA, pH 7.0) to
each well and incubated them at 4 °C overnight. We
detected the binding of CRP with a TMB Peroxidase
EIA Substrate kit (Bio-Rad) as described for LOX-1
(10). We obtained small interfering RNA (siRNA)
duplex oligoribonucleotides targeting the SR-A cod-
ing region (GenBank NM002445) from Invitrogen
and used stealth RNAI duplex (Invitrogen) as a neg-
ative control. The siRNA sequences were as follows:
5'-GAUAUAACUCAAAGUCUCACGGGAA-3',5'-U
UCCCGUGAGACUUUGAGUUAUAUC-3' and 5’-C
AGACCUUGAGAAAUAUCACUUUAA-3’, 5'-UUA
AAGUGAUAUUUCUCAAGGUCUG-3'".

THP-1 cells were maintained with 10% FBS/1%
AbAmM/20 pmol/L mercaptoethanol:RPMI 1640 and
differentiated with 100 nmol/L phorbol 12-myristate
13-acetate (PMA) (Sigma) for 48 h. We transfected the
cells with siRNA oligos or control siRNA using Lipo-
fectamin 2000 transfection reagent (Invitrogen) ac-
cording to the manufacturer’s instruction. After incu-
bation at 37 °C for 24 h, we washed the cells with RPMI
1640/1% AbAm and replaced the medium with
CypHer5E-CRP-containing RPMI 1640/1% AbAm,
and the cells were incubated for 2 h. After washing with
PBS, the cells were fixed with phosphate-buffered for-

malin (Wako) and permeabilized with 0.1% Triton
X-100/PBS. We detected the effects of downregulation
of SR-A gene expression by immunostaining with anti—
SR-A antibody (SRA-C6; Trans Genic Inc) combined
with Alexa 488 antimouse IgG. For detection of Fcy
receptors, we used anti-CD32 antibody (AT10; Santa
Cruz) and anti-CD64 antibody (10.1; Santa Cruz). For
CRP detection, we used anti-CRP antibody (Bethyl).
The nuclei of the cells were counterstained with 0.5
mg/L DAPI. We divided the fluorescence intensities of
CypHer5E and Alexa 488 by the cell number in a field.
Quantitative analysis was performed with an IN Cell
Analyzer 1000 system. All transfections were per-
formed in triplicate.

All data are presented as mean (SE). Statistical
analysis was performed with Student t-test. A P value
<0.05 was considered statistically significant.

We examined whether CRP binds to scavenger
receptors: LOX-1, SR-A, CD36, SR-BI, CD68, and
dectin-1. Dectin-1 has the closest structural similarity
to LOX-1 and belongs to C-type lectin-like molecule,
although it is not a member of scavenger receptors.

Alexa546-labeled CRP at the concentration of 1
mg/L at 4 °C bound significantly to LOX-1-expressing
cells (P < 0.01) but bound poorly to the cells express-
ing the other receptors (see Supplemental Fig. 1, which
accompanies the online version of this article at http:/
www.clinchem.org/content/vol56/issue3). Cellular up-
take of CypHer5E-labeled CRP, which shows fluores-
cence after endocytosis, was significantly higher in SR-A-
expressing cells, in a dose-dependent manner (1-30
mg/L), as well as in LOX-1-expressing cells, compared
with cells expressing the other receptors (Fig. 1). Im-
munostaining with anti-V5 antibody revealed that all
the receptors were expressed at a similar level in the
respective cells.

Using anti-CRP antibody, we confirmed that non-
labeled CRP was also taken up by SR-A—expressing
COS-7 cells. We further observed a significant binding
of nonlabeled CRP (0.1-1 mg/L) to immobilized re-
combinant SR-A (P < 0.01) (see online Supplemental
Fig. 2). The binding was not affected by polymyxin B
(5 mg/L), suggesting that it did not depend on the pres-
ence of endotoxin. Importantly, native CRP contained
in human serum showed significant binding to SR-A,
as well as to LOX-1 (P < 0.01) (see online Supplemen-
tal Fig. 3). The binding was dependent on the concen-
tration of CRP in the serum, suggesting that SR-A and
LOX-1 have a capacity to bind to a native form of CRP
in serum in the presence of other plasma proteins.
These results indicate that SR-A and LOX-1 are the
receptors for CRP among the examined receptors.

Because SR-A works in the monocyte-macrophage sys-
tem, we assessed whether CRP is taken up by macro-
phages via SR-A. We used a human monocytic cell line,
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THP-1, after inducing differentiation into macro-
phage by the treatment of PMA (13). In PMA-treated
THP-1 cells, CypHer5E-CRP was taken up in a dose-
dependent manner (0.3-30 mg/L). SR-A expression
and CRP uptake were concomitantly suppressed by 2
different siRNAs targeting SR-A, but not by control
siRNA (Table 1). The siRNA targeting SR-A did not
affect the expression of Fcy receptors (data not shown),
indicating that CRP is taken up mainly via SR-A in a
macrophage cell line, at least under these conditions.

The ligand specificity of the scavenger receptor
family overlaps considerably (11, 12 ), and while all can
bind to oxidized LDL, only SR-A or LOX-1 bound to
CRP. Interestingly, dectin-1, the most structurally sim-
ilar molecule to LOX-1, did not bind to CRP.

Using a monoclonal antibody, a previous report sug-
gested the presence of an unknown receptor other than
Fcy receptors in macrophages (14 ). It has been reported
that fucoidin, a ligand for SR-A, inhibits the in vivo CRP-
promoted uptake of oxidized LDL (15). SR-A might be
the unidentified CRP receptor. Fcy receptors and SR-A
are under different regulation of gene expression. In fact,
in response to differentiation stimulus of PMA, the ex-
pression of SR-A is strongly induced, whereas the expres-
sion of Fcy receptors is suppressed (16, 17 ). Conversely,
stimulation by interferon-vy enhances the expression of
Fcry receptors but suppresses the expression of SR-A (18).
These results suggest that Fcy receptors and SR-A would
work in the cells stimulated by different molecules.
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Table 1. Suppression of the uptake of fluorescently
labeled CRP by siRNA against SR-A in differentiated

THP-1 cells.
siRNA SR-A expression, % CypHerSE-CRP, %
None ; 1033.2) 108(9.1)
Control siRNA 100 (2.7) 100 (9.8)
 SiRNAT for SR-A 17060 31 39
siRNA2 for SR-A 13 (0.0)° 32(11)0

2 Data are as mean (SE).
b Significant difference vs control siRNA groups (P < 0.01).

Interestingly, the activity of SR-A as CRP receptor
was more pronounced in the uptake of CRP, whereas
LOX-1 showed strong activity in both binding and up-
take. Because SR-A works in phagocytes, the CRP up-
take activity of SR-A is reasonable. CRP was originally
identified as a binding protein for bacterial component
C-polysaccharide (3). SR-A may function to engulf
bacteria, viruses, and harmful substances opsonized by
CRP in a context of innate immunity.

Related to epidemiological risk factors for cardiovas-
cular disease, the presence of CRP in atheroma has been
reported in both rabbits and humans (6 ). Furthermore,
the colocalization of CRP and SR-A in macrophages in
atheromas has been reported (19). Taking these reports
together with the present results, SR-A-mediated CRP
uptake by macrophages in atheromas might affect the
foam cell formation and progression of atherosclerotic
disease.
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Aim: Familial hypercholesterolemia (FH) patients are at particular risk for premature coronary artery
disease (CAD) caused by high levels of low density lipoprotein (LDL). Administration of statins en-
abled us to reduce LDL-C levels in heterozygous FH patients. To evaluate the impact of statins on
the clinical fate of heterozygous FH, a retrospective study was performed.

Methods: We analyzed the clinical influence of statins on age at the first clinical onset of CAD in 329
consecutive FH patients referred to the lipid clinic of the National Cardiovascular Center. Among
329 heterozygous FH patients, the onset of CAD was identified in 101.

Results: The age at onset of CAD was 58.8 + 12.5 years in the 25 patients on statins at onset, signifi-
cantly higher than that in the 76 patients not on statins (47.6+10.5 years) (»p<0.001). The average
age at CAD onset was significantly higher after widespread use of statins (54.2 £ 13.2 years in 48 pa-
tients; Group 1) compared to before October 1989 when statins were approved in Japan (46.9+9.6
years in 53 patients; Group 2, p=0.002). A significant difference was seen between Groups 1 and 2
in the variables, including sex, prevalence of smoking habit, LDL-C, and the use of statins, aspirin
and probucol. After adjusting for these variables, only statin use was independently associated with

the difference in age at CAD onset by multivariable analysis.
Conclusion: Statins have improved the clinical course of patients with heterozygous FH.

J Atheroscler Thromb, 2010; 17:667-674.
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Introduction

Familial hypercholesterolemia (FH) is a heritable
disease of high prevalence with an autosomal-domi-
nant mode of transmission and is linked to mutations
in the low-density lipoprotein (LDL) receptor or its
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related gene. It is characterized by phenotypes of the
elevation of plasma LDL, cutaneous and tendenous
xanthomas, arcus corneae, and coronary artery disease
(CAD) due to premature atherosclerosis®. The earliest
clinical sign of heterozygous FH is an elevation of
plasma LDL cholesterol (LDL-C), noted as early as at
birth?. All other clinical manifestations seem due to
an increase of LDL-C in plasma. CAD is the most se-
rious clinical manifestation and determines the prog-
nosis of FH. According to a previous report, Japanese
FH heterozygotes generally develop the first CAD
event in their 40s or later for men and 50s or later for



