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Suggested modification of MetS definition for
Japanese T2DM patients for predicting future
CVD events

Patients who possess 2 or more of the following;
1) Excess WC:

men > 90 cm, women > 80 cm
2) Hypertension:
systolic BP> 130 mmHg diastolic BP> 85 mmHg or
use of agent for this condition
3) Dyslipidemia:
TG >150 mg/dl and/or HDL-C < 40 mg/dl or
use of agent for this condition

(Sone H, Yamada N, et al. J Atheroscl Thromb, in press)

- 125 -

ol




Wik 2 0 FHEE T MRFII AR MBI © (HBRAR A S 478 P R A TR I R)

WA ERE S

BIUREEALIC B 1) 2 M8 iR R4 T LRI P e O R 3%
PrRMEE WiE K (FERP)
I hE BEHY (TFERFREBE L)

PMRER AYRU v Fo—LICHD BIRELEO KRR E T i P ik
PR S ABEAEE, WAL SRCRETZEETS, LSS T, AR KD
—LOBRHICEVWTHRERBAROURES SDTHBH M AT—H—5MITS
CEMHATH S, AMROBMNIIARERGHRICHEROICRETSRET LRI OF
BREESTAVWEFRROMP N, FT—A— M L. BIRE(LORES L EREICHIT
AMKMEREZMIT S L THS. WREEORERE L TEBIRPAIBDBICHEE (INT)
Z P L7 405 M > TN OEEET -7 OHMERN L /2L 25, INT IZ4ER. BMI.
NS X TRMEM, ) YUEY R, 1220 A, mPaNigdl LRI BEL
HE (P0.05) ZREOHMERLE, £/ HL-OLAFO—)b, LIL 91 XEAERZA
OMMERLE, 2 MG T 8 ICHE, REFTHES - . SERFTORE,
CNEQAFOPTmMHAEY LRI MEER INT 2RETSHTEFE o7, INT B
LTl EIg s LRI MR 2. 13-2.78 L 2. 13 AT ICH AT 1,93 fi5, 2.79-3.52 Tl
2.96 (%, 352 ALETRT.6M80F4 v XHEFRLE, LLEOWHENS, MurhalgEs LR11
FBE ok T P o LA PO & 5 1 B L e D AR A A B R & (Y L 7 B AR R
fbx—h—Lizd LAREENSE, AFZH) w2 Fo—LlZL b5 BRE{LED
FMONAAT—N— LB REEN S S,

A. WPREK

AHRN w & 2 FO— A& &7 5 BlREELAE OB
R TS AR I S IE, L
M EEE MR & OMEFER, JRAY by s ADEES
KM EERMELHE TS, PTG O mRiE
AR, EIRMES OEFEMm CEfizh T 5 —2
OERNE(LT S, COBLEERMEDBIHTSITIIN
Wi WG LI EMEE H SO TERN RS
RS, MR, BIFMESICE v S R0
AR R4 D3 i % L A D S RO I PR 5 i P iR
EWTAIC@B- TN, ZNETICRLIZ, B
(b oD AR 4 50T 2 o B R 0 D 95 1 B ) 72 RO AR 2
E D HITEERERHBROFRE 7 x4 TENSBRE

ERSLEMEAS S TERFORAET>TEL, T
febht, EREHRE. WEARBLUSHEY T 71
TOEBRITMAT, BREEEZDEEZLTTWHRET
i3, EMICHATIEEDNHEENIC< WERANCERE
N5, COFTFEEEL T, DIRE{ECRORSMBIZE
fEE BRI I AT L, SRR Ok
ZHETS0EATHS LI BHEEA—1—T773Y)
—T#H2 LRIl #EELE. O LRI ZohelEReL
THEL S EMIZRET S LAWEEEo T,

Lel 177 A O 1 d t0 R PIUR B g <
ZIcl~THEL EF 5. Lo/ mEERTHIIR TS
O¥+—VEEkE 1 77 o O2HMEENDH
B, FAK 1) k. ERK U Mk, Rac-] FETE(CHTRE =

- 126 -



N5, FUROENAABERHRRIC SRR
SHBEF LR OEMERIC LS5 Om b A 47—
h—EHI L. BIRECEORES L UGERIZHTE
HAEEEMIT 5 TH 5,

B. BiFA®%

MAREE{ L OFR S L THBIRARE IS (INT) 2
W L7z 405 et 7 ILOTER LR @R ChET
IZHSE U e e IR -~ X DB L /=, RAP H 5 4
LOMBUREEZREADE. F1O0 AT LIRS
A7 7—LTIRI B RSE / 7y O—F)IUkEENT
Rtz 7, REEPHREE BCL IZEDa8{kLE. &
e R W LR L - IR 7 Rz R D
RACL 7=, PERRE INT, & S IZBIRRE L IZBH 5 fl
SRR £ 1 L {0

(@~ DORCH)

EFFERRETICH L TR EERMIC B 2 RBERED
REBOLE, WTLE.

C. BrEsER

1) INT £E bilnrpTligRe LRI R

A0S RRIED INT L ERAT— 5 LORMERM Lz LT
A, b BMI. IR K OSEEMImERE. ~U S+
U R, 720 Al £~ AR LRI M A
(P<0.05) BIEOBMZERLE. £, L-aLAFO
=)k, LIL B XA BLREOHEMERLE, 2 BT
THAEEICHE, WEETREE oA,

2) IMT &nHPaligeRy LR11 EES S UMRAN LRI
ZEMMATOERE, INT SF@, ME. HL-OL 2570
—Jb. mEAIER LRI REOM T, mhalgs LR 8
Ei IMT ZRETHHNETTHD ., 512, Fil. #
B, BMI, fMufE, B3, LDL-2LAFO—)b, WL-OL%
FO—=. FUZUEY B, LDL 41 X, meE. 121
Z AP eERLR SEORIZEBEWL T H. P el LRI
WEEIL INT ZHUEd SHNIETFE- £,

3) & hinhuliEa LR MBS LD INT U 2

M EERY LRI @ 4 5 #iZ LS INT Bl ~DF X
ELEMTT 5 &, 2.13-2.78 T2 13 BUFICH~T 1.93
&, 2.79-3.52 T2 2.96 8. 3.52LALTIRT. 6 TH-

= CSEdR 10 RIIND A o T 1. 97 ),

4) MuPaTER LRI e - BRI RRE OB G

i SRR LR SR & WARER b MR T & oD & B
I 5L, b alas LRI @ B CIE s &
CHESRIMEE, INT &# B2 EQHM, HL-2 1 27 0—
EAOHEMERLE, £ Z#TLL-aLAFT0—
Moy LDL Y1 X, A 220 2>, INT S B2EOMB, HDL-
ILAFo—)LEAOHMERLE, ChaOEROM
TOZERBFTTIIBLEHIC INT AN L -HTEET
Fiakye ¥

DBLUE. SRBLUER

WAREE{ LM D 2RI 35 U T SF RIS R B A S Pl
CilfE L. AT S S X ERREEEERT S
ZEITEDRIRFHEROR R 2 M 5. CokENimE
IZiL @ omEREMR TS S NkHR. BNfRTS
HEXIOT 7= L REOHEMRVRETH 5.
SOk S70rilT iz S BT R OREE (E £
HEHHEEL TH - HRETRRERETSZENEH
EEA NS, MaMTnE TICARTH#EHEIR THR
HICRB T Dilk{n & LTRIELE LRI >, S
FARR OWEERROTUEICSETH D, LRI BETA
KT D LI EDMGERAMET T 5, PIBOTE TR 5%
B9l =T LRI 13, WhAREE e R 35175 Tibn iR
PR S AR OB E S MROBRIZEETH O, LRI 8
EEEEMT S - o L DWIREHE RS2 (b=t 5 ThelE
WHB. Lrir 7 ANFERGAROMRE S, LRI
RoyoFir—veak/ 1 -F/UENSLEEDDY
Angl| BT ORI T 2 F > EMEICEETH 0, Lri]™”
R TEHIIMMEEINS C S X DilEERSMET S
ZEMHEESMTEo . TS QMR RIS
LT, &89z L D fh ol s LR1 | REAEmIRAB
IR SR B L . b2 RARHTORR,. TEROR)
R {CERET &y L PR ey —h— &35 2
EMEEEENE. AR FoO—AlZESRS
WIRELEOWHBO/SA FT—h—LRSRENSS
Sk, HMPMIEREOAZST, AR IR
O— L ZEAC L7 2 £ & E 0 BIIREE L O MR E /- A8
IZHT MR EROMITALETH D,

- 127 -




F. GRS

Wic¥ma L.,

G. PIARR
RIEE

1) Jiang M, Bujo H, Ohwaki K. Unoki H, Yamazaki H, Kanaki
T, Shibasaki M, Azuma K, Harigaya K, Schoerider W,
Saito Y. Angll - stimulated migration of vascular SMC is
dependent on LR11 in mice. J. Clin. Invest
2008;118:2733-2746

Kawamura T, Murakami K, Bujo H, Unoki H, Jiang M,

=

Nakayama T, Saito Y. Matrix metalloproteinase-3 enhances
the free fatty acids-induced VEGF expression in adipocytes
through toll-like receptor 2. Exp. Biol. Med. (Maywood)
2008;233:1213-1221.

4} Unoki H, Bujo H, Jiang M, Kawamura T, Murakami K.
Saito Y. Macrophages regulate tumor necrosis factor-alpha
expression in adipocytes through the secretion of matrix

metalloproteinase-3, Int, J. Obes. 2008;32: 902-911,

H. HIRREROHE, BEiRsl

¥zl

- 128 -




MR REOHITICE T2 — KX

through the secretion of

matrix metalloproteinase-3.

Megs

REEFEA | WMXHA b REEL #5 |~ | HiRE
Jiang M, Bujo H, | Angll - stimulated |J. Clin. Invest. |118 2733-27 |2008
Ohwaki K, Unoki H. migration of vascular SMC 46
| Yamazaki H. Kanaki |is dependent on LRIl in
T, Shibasaki M, mice.
Azuma K, Harigaya K,
Schneider WJ, Saito
¥
Kawamura T, |Matrix metalloproteinase-3 | Exp. Biol. Med|233 1213-12 |2008
Murakami K, Bujo H, |enhances the free fatty (Maywood). 21
Unoki H, Jiang M, acids-induced VEGF
Nakayama T, Saito Y. |expression in adipocytes

through toll-like receptor 2. -

Unoki H, Bujo H, Macrophages regulate | Int. J. Obes. 32 902-911 |2008
Jiang M, Kawamura T, |tumor necrosis factor-alpha
Murakami K. Saito Y. |expression in adipocytes

- 129 -




Research article

Ang llI-stimulated migration of
vascular smooth muscle cells
is dependent on LR11 in mice

Meizi Jiang,' Hideaki Bujo,' Kenjl Ohwaki,? Hiroyuki Unoki,?
Hiroyuki Yamazaki,* Tatsuro Kanaki,? Manabu Shibasaki,** Kazuhiko Azuma,®
Kenichi Harigaya,® Wolfgang J. Schneider,® and Yasushi Saito?

'Depariment of Genome Research and Clinical Application, 2Department of Clinical Cell Biology, *Division of Applied Transiational Ressarch, and
“Department of Molecular and Tumor Pathology, Chiba University Graduate School of Medicine, Chiba, Japan. “Kowa Research Institute, Kowa Company Ltd.,
Japan. *Depa of Medical Biochemistry. Max F. Perutz Leboratories, Medical University of Vienna, Vienna, Austria.

Medial-to-intimal migration of SMCs is critical to atherosclerotic plaque formation and remodeling of
injured arteries, Considerable amounts of the shed soluble form of the LDL receptor relative LR11 (sLR11)
produced by intimal SMCs enhance SMC migration in vitro via upregulation of urokinase-type plasmino-
gen activator receptor (uPAR) expression. Here, we show that circulating sLR11 is a novel marker of carorid
mﬂmmcdhthidmesa(ﬂﬂ)mdthaxnryuddlmpdnnufﬂumlg:mgrudy intimal thicl

ing of arteries through atrenuation of Ang Il-induced migration of SMCs. Serum concentrations of sSLR11
were positively correlated with IMT in dyslipidemic subjects, and multivariable regression analysis suggested
sLR11 levels as an index of IMT, independmtofchaiu] atherosclerosis risk famn. In Lri17" mice, femoral
artery intimal chick after cuff plac was decreased, and Ang I1-stimulated migration and attachment
of SMCs from these mice were lnrgely abolished. In isolated murine SMCs, sLR11 caused membrane ruffle
formation via activation of focal adhesion kinase/ERK/Racl accompanied by complex formartion berween
uPAR and integrin avf}3, a process accelerated by Ang IT. Overproduction of sLR11 decreased the sensitivity
nF Ang II-induced activation pathways to inhibition by an Ang II type 1 receptor blocker in mice. Thus, we

..;g,mln

mwel role for sSLR11 as a biomarker of carotid IMT.

Introduction
Migration of vascular SMCs from the media o the intima is a key step
in the development of atherosclerosis (1, 2). Following migration,
SMCs proliferate in the intima and secrete matrices and pr

for sLR11 in Ang Il-induced SMC migration and propose what we believe isa

7). LR11 (also called sorLA), an unusually complex and highly con-
served LR discovered and l‘I‘IDIm.I]S!lV chimﬂenzcd by us and others
{s—lu: di u?i\Rs localization, as both che
form and the shed soluble form of the recepror

to form atheromatous plaques under the influence of stmulatory
cywokines. The system encomy g urokinase-type pl
activaror (uPA) and its receprar (ul‘r\k] is thought o be i lmpurtanl.‘
for the migration of SMCs. For migramn‘ cell-associared proteclysis
of ECM and for recef edizred leading ro ac of
ERK and Racl (3, 4) play crucial mlcs Hmnrvzr. in wgnrd o migra-
tion of SMCs relevant to the development of atherosclerosis and
remodeling of injured arteries, the mechanisms for and significance
of uPA/uPAR activation have not been fully elucidared yer
Functional studies using genetically altered animals or cells have
revealed that certain receprors belonging to the family of LDL
recepror relatives (LRs) are important regulators of cell migration
via modulating cytokine signaing and/or protease activation (5-7).
Interestingly, LR-mediated regulation of migration appears to be
caused at least in part by modularion of the uPA/uPAR system (6,

Nonstandard abbreviations used: AR, J\T|! blocker, AT, Ang Il type | recepror;
FAK, focal adhesion Kinase; GST, glucach HDL-C, HDL cholesterol;
/M ranio; ratio of IMT; IMT, mnrru =media thickness; LDL-C, LDL cholesterol; Lit,
LDL receptor relacives; LRI, LD -relazed protein 1; NMHCU-B. nenmuscle myosin
heavy chain 1l-B protein; OR, odds ranio; PDGE-RR, PDGF isoform with 2 8 chams;
RAP, receproramsociated procein; sLR1 L, shed soluble form of L1 uPA, wmkinase
rype plasminogen activator; aPARL uPA recepoor.

Conflicr of interest: The acthon have declared that no conflics of interess exisen.

Citation for this artiche: | Clo. peir. 118:2733-2746 (2008), doi: 101 172JCII2381

The Journal of Clinical lovestgazion

kel e Jeorg

(sLR11) bmd to nnd colocalize with uPAR on the cell surface (11).
LR11 is highly expressed in intimal SMCs at the intima-media bor-
der in the plaque area of experimental models of atherogenesis (11,
12). Furthermore, overexpression ot LR11 in SMCs enhances their
migranon via elevated levels of uPAR (13).

Inthe process of acherosclerosis, the BB soform of PDGF (PDGF-BB)
is an important cycokine for migracion of SMCs (1, 2). PDGF-BB
performs its task through the scimulation of cell morility via
accelerared cyroskel 8 and degradarion of ECM
components of intimal SMCs (1), Also, PDGF-BB enhances migra-
ton of intimal SMCs via activation of the LR11/uPAR-mediated
intracellular pachway (14). Ang Il is another potent chemoattractant
for SMCs (1, 15, 16). Recent studies with Ang 1l type | receptor
(ATR) blockers (ARBs) (17) or knockdown experiments (18) have
shown that intracellular signals involving activarion of Racl are
important for the Ang ll-mediated hypertrophy of SMCs and neo-
intimal formation in injured arteries.

Here, we have studied the (patho)physiological significance of the
LR11-mediared migration system of inamal SMCs in the develop-
ment of intimal thickening in vivo, We found thar circularing sLR11
levels reflect the degree of carotid intima-media thickness (IMT),an
established atherosclerasis marker (19), independently of other risk
factors of IMT in subjects wich dyslipidemia. Subsequent studies
using LR11-targered mice revealed thar sLR11 increases membrane
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Table 1
Multivariate assessment of the effect of SLR11 and atheroscle-
rotic risk factors on IMT

OR (95% CI) [
valves

Model 1

Age, per 10 yr increase 218 (1.16-4.12)  0.02
BP, systolic, per 10 mmHp Increase  0.79 (0.51-1.21) 0.27
BP, diastolic, per 10 mmHg incraase 1.61(0.80-3.21) 0.18
HDL-C, per 10 mg/dl decrease 089 (061-131) 056
sLR11, per 0.1 U Increase 245 (1.46-4.07) 0.001
Model 2

Age, per 10 yr increase 356(1.55-8.18) 0003
Sex 243 (0.46-12.85) 0.30
BMI 1.18 {0.91-1.55) 0.21
BP, systolic, par 10 mmHQ increass 0.72 (0.44-1.18) 0.20
BP, diastolic, per 10 mmHg incraase 1.74 (0.78~3.88) 0.18
Smoking 3.69 (0.80-17.0) 0.08
LDL-C, per 10 mg/d! increase 1.28 (0.99-1.86) 0.07
HDL-C, per 10 mg/dl decrease 1.11 (0.62-1.96) 073
TG, per 10 mg/d! increase 1.05 (0.95-1.16) 031
LDL size 0.84 (0.36-1.95) 068
MDA-LDL 0.96(0.81-1.14) 064
Glucose, per 10 mg/d! Increase 113 (067-1.93) 065
Insulin 1.03 (0.87-1.10) 0.36
sLR11, per 0.1 U increase 277 (156-4.90) <0.001
Age and sLR11 quartlles

Age, per 10 yr increase 197 (1.26-3.0m)  0.001
sLA11 quartiie 2 vs. 1 1.93 (0.53~6,98) 032
SLA11 quartile 3 vs. 1 2,66 (0.86-10.21) 0.09
sLA11 quartile 4 vs. 1 760(2.28-2539) 0.00

TG, trighy MDA-LDL, LDL. sLA11 ranges for

quartiles 1, 2, 3, and 4 are lass than 2.13, 2.13102.78, 278 10 3.52,
and more than 3.52, respectively.

ruffle formation chrough complex formation with uPAR and integ-
rin avfi3 and char che LR11/uPAR/integrin-mediared incracellular
pachway is required for the Ang ll-induced artachment and magra-
tion of intimal SMCs. Thus, we have identified a role for the shed
form ofl.Fll 1, an independens serum marker of carotid IMT, in a
mech that Ives Ang “T-induced SMC migration,

Results
Circulating sLR1 1 is mdependentry associated with carotid IMT. Consid-

erable amounts of sSLR11 are produced by intimal SMCs in the
process of intimal thickening after cuff injury of femoral arteries

of other classical risk factors of IMT (Table 1), Analysis of subject
quartiles showed a gradual increase in adjusted odds ratios (ORs)
depending on sLR11 levels; subjects in the highest quartile of sSLR11
levels (sLR11 > 3.52 U/ml) had a significantly increased likelihood
of having an IMT greater than 1.0 compared with those in the low-
est quarrile (sLR11 < 2.13 U/ml). Subsequent to the d

of a strong correlation of circulating sLR11 with carotid IMT, the
univanate analysis of circulating sLR11 with the above-lisced fac-
rors was performed separacely in males and females (Supplemental
Table 3), sLR11 levels in males and females, respectively, were sig-
nificantly correlated with IMT degrees at similar r (correlarion coef-
ficient) values. Mulrivariare analysis showed thar IMT is the only
factor significancly correlared with sLR11. (Supplemental Table 4).
Thus, circularing sLR11 levels are tightly associated with IMT of
carotid arteries in dyslipidemic subjects.

Intimal thickness of injured arteries is drasticalty reduced in LR11 deficient
mice, A close association of serum sLR11, a regularor of SMC migra-
tion, and intimal thickness of caroud artenes suggested chat LR11 is
involved in the process of intimal thickening of injured arteries. We
studied che effect of cargered inactivacion of LR11 (Figure 1, A and
B) on intimal thickening in response to cuff placement of femoral
artenies in mice. In the knockout mice, immunodetecrable LR11 was
abolished in tissues including bram and kidney, which are dominant
sires of LR11 expression in WT mice. In contrasr, the expression lev-
els of LDL-related protein | (LRP1), a ubiquitously expressed LR (5,
6), did not change (Figure 1C). When Lr11%" mice were intercrossed,
the ratios of the numbers of live births of che different genorypes
were according to Mendelian laws. The appearance and develop-
ment of homozygous Lrl]"~ mice were indistinguishable from
those of Lrl 1 or Lrl1%* littermates. However, in Lr] 17~ mice, the
thickness of the arterial intima 4 weeks after cuff placement was
drastically reduced compared with tharin Lrl 1" mice, and the aver-
age ratio of IMT (I/M ratio) i in Lrlt+ micewsSZ%ofd‘n:i.nLr”"'
mice (Figure 1D), T i hemical staining sk 1 that the
cells in the intima were predommnnr]y SMA- po::nve SMCs in both
Lril~- and LrlI*™ mice; le my heavy chain
1-B protein (NMHCII-B), an cmbryonlc myosin isoform (14, 21),
was clearly decreased in the inumal SMCs of Ll 1+ mice (Figure
2A). Analysis of the mRNA levels of NMHCII-B in SMCs in injured
artenes d rated thar exp n in Lrl17~ mice was simi-
lar in the intima and media. Levels of SM1, an isoform of mature
myosin fibers, were significantly increased in the intima in Lr11~
mice when compared with Lrl1** mice (Figure 2B). The sub-
stantial increase in SM1 expression rogether with the decrease of
NMHCII-B expression in Lrll~ mice compared wich those in
Lrt1*%* mice suggests thar the isoform conversion in innmal SMCs
was discurbed in Lr1 1~ muce. Thus, targeted inactivarion of LR11
caused attenuarion of intimal thickening in response to arterial

in mice and enhance migration of SMCs in vitro via upregulan
of uPAR expression (11, 20). We firsc studied |mmunolog|r.ally
detectable serum sLR11 levels n association with degrees of carouid
IMT, a marker of intimal chickness of carotid arceries that predices
coronary and/or cerebral athe-osclerosis (19), in 402 dyslipidemic
subjects (Supplemental Table 1; supplemencal material availabl
online with chis article; doi:10.1172/JC132381D51), Univariate

injury accompanied by an altered expression pattern of myosin fiber
tsoforms in intimal SMCs,

Lrl1-~ SMCs are characterized by grossly reduced Ang 11-imduced
membrane ruffling. We have previously shown thar cultured SMCs
prepared from the intima display increased LR11 expression and
PDGF-induced migration compared with medial SMCs and that
inhibition of LR11 function with neurralizing antibodies reduces
the yactivity of i 1 SMCs (11). Hence, we investigated

analysis showed charsLR11 as well as age, sex, systolic and diastol

blood pressure, smoking, HDL cholesterol, eriglycerides, LDL par-
ticle size, and levels of insulin were significantly correlated with
IMT (Suppl al Table 2). Multiple stepwise logisric regression

the migration activiry of cultured SMCs isolared from the aorta of
Lrl1** mice. Migration, invasion, and as shown here, attachment
butrm:pmllfeunon by PDGE-BB in Lrl1~~ SMCs were decreased

analysis revealed that sSLR11 is associated with IMT independently

I
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d with those in WT SMCs, in agreement with previous
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intimal thickness of arteries eftar cuff placement in Lr17+ mice. (A) Targeted disruption strategy of the murine LR71 gene, consist-
ing of 48 exons. The targatirg vector (bold line) contains 3.3 kb (5') and 4.4 kb (3') of genomic DNA flanking the neomycin-resis-
tance cassette (Neo’). After homologous recombination, Neo’ replaced exon 1 (Ex1, gray box), which contained the initiation codon
of the LR71 gene. The location of the probe used for Southern blot analysis is shown. RV, EcoRV; X, Xbal; H, Hindlll; E, EcoRl. (B)
Southern blot analysis of munne-tail DNA from heterozygous intercrosses digested with EcoRV using the probe (see Figure 14) that
detects 17-kb and 6.8-kb fragments in the WT and knockout allale, respectively. (C) Immu 1 of LR11 protein. Total protein
(100 pg) extracted from brain and kidney were separated by slectrophoresis, biotled on a membrane, and incubated with antibody against LR11
(~250 kDa) or LAP1({~85 kDa), The samples were loaded on the same gel but not on immadiately neighboring lanes. (D) Upper panels show
sections of femoral artery of Lr 74 or Lr11-+ mouse after cuff placement, subjected to elastica van Gieson staining. Arrowheads indicate the

Internal elastic layers. Scale bar: 50 um. Lower panal shows I/M ratio of arteries prasented as mean = SD (n = 15). *P < 0.05.

scudies using cultured SMCs (refs. 11-14, 20, and Supplemental
Figure 1). We analyzed the effects of several other chemotactic
cytokines (Ang I, VEGF, bFGF, and IL-6) on the migration activ-
ity of Lr11-* SMCs (M. Jiang and H. Bujo, unpublished observa-
tions). Among them, only Ang Il did not enhance the migration of
Lr11~~ SMCs in both the presence and absence of PDGF-BB but
did s in WT SMCs or LI 1+~ SMCs in the presence of condinioned
medium from WT SMCs (Figure 3A). There were no significanc dif-
ferences in levels of Ang ll-induced Stat] phosphorylation activity
berween WT SMCs and Lr11~- SMCs (Figure 3B). The absence ofa
migration response to Ang 11 of LR11-deficient SMCs prompred us
to further analyze their motilizy properties, since Ang Il 15 a potent
stimularor of cytoskeleton reorganizarion through intracellular
signaling (15, 17). Preincubation with Ang Il of Lr11** SMCs but
not of Lr1 1+~ SMCs enhanced cell artachment in the presence and
absence of PDGF-BB (Figure 3C). The defect in the Ang [l-mediated
induction of acrachment activity was restored by sSLR11 in Lrli~"
SMCs (Figure 3D); note thar the Ang [l-induced artachment activ-
ity of Lr11"" cells was reduced by neutralizing ant-LR11 anabodies
to the levels abserved in Lel1~- SMCs, We therefore studied mem-
brane ruffling, which is relaced to cytoskeleral reorganization lead-
ing to enhanced cell actachment (3, 4), in Lrid™* and Lrl 1+ SMCs,
Ang Il appeared to increase the proportion of cells with ruffles, and
this increase was attenuared by blocking uPAR with neurralizing
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antibody in Lr11*" cells (Figure 4, A-C, D, and M). In Lr11~~ SMCs,
Ang [I's effect on ruffle formarion was not significant; in addition,
the proportion of cells with ruffles in the presence of PDGF-BB
was lower (Figure 4, E-G, H, and M). Also, ruffling by Ang Il incu-
bation was not enhanced in Lr11~~ SMCs precreated with sLR11

(Figure 4, 1-M), Thus, as quantitated (Figure 4M), in the presence
of PDGF, Ang I smulates membrane ruffling of WT cells (Figure

4, B and C) and this stimularion 1s abolished in Lrl 1+~ SMCs (Fig-
ure 4, F and G), even in the presence of sSLR11 (Figure 4, ] and K}

Surprisingly, sLR11 induces ruffle formation in Lri 1~ SMCsin the
absence of both PDGF and Ang Il (Figure 4, E and 1), which s con-
sistent with the sLR1I-induced increase in artachment acrivity in
Lrl17-SMCs (see Figure 3D), The increased ruffling in che presence
of sLR11 with PDGF and Ang 1l was almost abolished by blocking
uPAR (Figure 4, K and L). Next, in order to scudy the significance of
LR11 in the Ang ll-mediared vascular pathology, we analyzed the
effect of LR 11 deficiency on inrimal thickening of arteries after cuff
placement in the murine Ang Il infusion model. Administration of
Ang [l ac 1 pg/kg/min for 28 days significantly increased che I/M
ratio in Lrl]%* mice: note thar the medial thickness in Lel1 mice
was not sigmficanly differenc from chat in Lr11** mice (Figure SA
and Supplemental Figure 2). However, the Ang Il infusion-induced
increase was not observed in Lrl]~ mice. The increase by Ang II
infusion in the level of NMHCII-B expression in intima versus
Humber B a8
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media did not occur in Lr1 17~ mice (Figure 5B; note that the level of
LRP1 after Ang 1l infusion remained unchanged in both Lrl1** and
Lr11* mice), Thus, Lrl1~- SMCs are charactenzed by a failure in
Ang ll-mediated ruffle formation and actachment, which in turn
apparently leads to a decreas: in Ang Il- or PDGF-BB-mediared
migrarion actvity. Furthermore, Ang Il infusion-induced intimal
thickening in response to arcenal injury 1s artenuated, accompa-
nied by an alcered expression pattern of myosin fiber isoforms in
intimal SMCs (see Figure 2).

LR ] activates membrane rufflmg through the uPAR/integrin/focal adbe-
sion kinase/ERK/Racl pathway. LR11 binds to and colocalizes with
uPAR on the cell surface (11), and a fraction of cell surface-locared
LR11 is proceclytically shed e produce a soluble form, sLR11 (22).
To gain furcher insight into sLR11's activity, we analyzed its effect
on uPAR-mediated intracellular signals for cytoskeletal reorganiza-
tion. The proportion of cells with ruffle formacion was increased
in dose-dependent fashion by sLR11, and this increase was clearly
reduced by precreatment with neurralizing annibodies against LR11,
uPAR, or integrin avfi3; PD93059, a specific MEK inhibitor, had
the same effect (Figure 6A). The formation of a complex between
LR11 and integrin avf3 was snown by coimmunoprecipitation, as
previously demonstrated for uPAR/LR11 (11). The complex for-
mation was inhibiced by the addition of known ligands of LR11,
e.g.. apoE and receptor-associited protein (RAP) (Figure 68). Lit11
arrenuares internalizarion anc carabolism of uPAR, which is accel-
erated by LRP1 (13). RAP, a common ligand of LR11 and LRP1,
reduced the membrane expression of uPAR in Lr11%* SMCs but sig-
nificantly increased the uPAR expression in Lrl 1/ SMCs (Figure
6C). Thus, LR11 in association with LRP1 appears to form a com-
plex with integrin avfi3 via interaction with uPAR, which also binds
integrin (4, 11). Accordingly, sLR11 induced the phosphorylation
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Figure 2

Myosin isoform expression pattem in injured arteries after cuff place-
mant In Lr1 1+ mice, (A) Secti of fi ries in Lrf 71+ or
Lr11+ mice afer cuff placement, subjected to immunohistochemistry
using antibodies against SMA or NMHCII-B. Arrowheads indicate the
internal elastic layers. Scale bars: 50 um. (B) mANA levels of myosin
Isoforms NMHCII-B and SM1 in arteries after cull placement in Lr17+
of Lr17+ mice, Total RNA isolated from the thickened intima (1) or the
madia (M) ol Lr11++ or Lri 1~ mice was reverse transcribed to cONA
and subjected to real-time PCR analysis using specific primers for
NMHCII-B and SM1, resp y. The ints of amplified p

are expressed relative to the amounts of fi-actin transcript. Data ara
presented as mean = SD (n = §). *P < 0.06.

of focal adhesion kinase (FAK) and ERK, which act downstream of
uPAR/integrin signals (Figure 7, A and B), and subsequent activa-
tion of Racl was detected in the presence of sLR11 (Figure 7C).
Moreover, the activarion of the FAK/ERK/Rac1 cascade was inhib-
ited by neutralizing anti-integrin avfi3 antibody (Figure 7, A-C).
Likewise, in Lrl17~ cells, Racl activation was increased by sLR11,
and this increase was diminished by neucralizing anti-incegrin
avfid antibody (Figure 7D). In these experiments, the presence of
ant-glutathione-$-transferase (anti-GST) antibody did not show
any significant effects (dara not shown). Thus, sLR11 can acovate
the FAK/ERE/Rac pathway in SMCs through complex formartion
with uPAR and integrin avfid; rransduction of the signal leads to
cytoskeleral reorganizarion taced with brane ruffling.
Ang I induces migration of SMCs through activation of LRI I-mediated
cell attachment. Together with the results shown in Figures 6 and 7,
the greatly diminished Ang ll-induced migrarion in LR11-deficient
SMCs (see Figure 3) suggested thac it is due to a defect in Ang II's
actions on the LR11/uPAR/integrin/FAK/ERK/Rac] pathway. Ang 11
and PDGF-BB but not VEGF led to increased production of sLR11
in rabbit SMCs (Figure BA). In fact, the levels of both sLR11 and
membrane-bound LR11 bur notr LRP1 were increased by Ang [l in a
dose-dependent manner (Figure 8B). The Ang ll-mediated increase
in sLR11 levels was blocked by the ARBs, valsartan and candesartan,
as well as by PD98059 (Figure 8C and Supplemental Figure 3). Ang I
induced the membrane expression of uPAR in Lrl1** SMCs, which
was abolished in Lr! 1+~ SMCs (Figure 9A). Thus, the specific increase
of sLR11 levels caused by Ang [l together with the reduction in Ang 11-
induced migration and artachment in Lrl 1= SMCs (see Figure 3)
strongly suggesced char Ang I is key to enhanced migration via acti-
vation of the LR11-mediated pathway and cytoskeletal reorganiza-
tion. Accordingly, Ang [l-induced Racl acovanon was inhibited by
neutralizing antibody against LR11 or uPAR (Figure 9B). The abol-
ished Ang lI-induced Racl activation in Lrl -~ SMCs was recovered
by sLR11, and the sLR11-mediated activity was not inhibired by can-
desartan (Figure 9C). The Ang Il-induced increase in cell attachment
was abolished by a neutralizing antibody against LR11, and impor-
rantly, valsartan had no effect on Ang ll-induced enhanced arrach-
ment in the presence of sSLR11 (Figure 10A). In addition, Ang 11~
induced migration activity was suppressed when SMCs were pre-
treated with uPAR-specific siRNA (Figure 108B). Finally, the inhibs-
tory abilinies of valsartan and candesarean on migrarion activiry were
reduced in sLR11-pretreated C-1 cells (16% and 17%, respectively),
an established SMC line (11), or LR11-overexpressing R-1 cells (20%
and 11%, respectively) compared with untreated C-1 cells (34% and
35%, respectively), alchough the absolute extent of inhibition among
them were similar (Pigure 10C). These resulrs indicare that Ang 1
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Figure 3
Ang ll-induced migration and 1t of cultured SMCs derived from Lr1 7+ mice. (A) Effect of Ang Il on the PDGF-BB-induced (10 ng/ml)

migration activities of Lr7 1+ ar Lr1 7+ SMCs. SMCs were incubated with 1 uM Ang Il for 24 hours in the presence or absance of conditioned
medium of Lr1 7+~ SMCs before migration yses. Data are pre as mean + S0 (n =6). (B) Effect of Ang |l on Stai1 phosphorylation in
Lr17% or Lr11~ SMCs. SMCs were incubated with 1 uM Ang Il for 10 mi belore | blot lysis for (phospho-) Stat1 (—=20 kDa). (C)
Effects of Ang |l on cell attachment of Lr17+* or Lr11- SMCs in the presence or absence of 10 ng/ml FCIGF EBs. SMCs were incubated with
or without Ang Il (1 uM) for 24 Fours belore attachment analyses. Data are presented as mean = S0 (n = ). (D) Effects of sLR11 on Ang I~
induced attachment of Lr7 7+ cr Lr1 1~ SMCs. SMCs wera incubated with or without Ang Il (1 M} for 24 hours In the presence or absence
of anti-LR11 antibody (pm11, 1:5 dilution) or recombinant sLR11 (1 pg/ml) for 24 hours betore attachment analyses. Data are presented as

mean = SD (n = 6). *P < 0.05.

induces cell migration through activation of LRI 1 /uPAR-mediated
cell arachment involving the Racl pathway.

Candesartan does not inhibit intimal thickening after arterial injury in
misce o ucing sLR11. The producrion of sSLR11 is elevated in
SMCs in the course of intimal thickening after endothelial injury
{20). In order to learn more about the effects of inhibidon of Ang [1-
mediated LR11/uPAR/integrin signaling on intimal thickening, we
analyzed the intimal thickness after cuff placement in LR11-overex-
pressing mice. Mice were implanted with R-1 cells, which are A7r5
cells stably overexpressing LR11, or with mock-transfected A7eS
cells (C-1) (13, 23). Mice implanred with R-1 cells showed a 5. 2-fold
increase in the serum concent-ation of immunodetectable sLR11
after implantation compared with those implanted with C-1 cells
(4.2 2.6 U versus 0.8 £ 0.1 U), Candesartan administration signifi-
cantly reduced the intimal thickness (I/M ratio) 4 weeks after cuff
placement in C-1 bur not in R-1 mice (note that crearment of R-1
mice with neurralizing antibocy against uPAR reduced the intimal
thickness; Figure 11, A-] and U). Intimal versus medial expression
of L1 1 and NMHCII-B was significantly reduced by candesartan in
C-1 mice (Figure 11, K, L, P, Q, and V). In contrast, the levels of LR11
and NMHCII-B expression in intima versus media were not signifi-
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candy different in R-1 mice whether treated with candesartan or not
(note thar trearment of R-1 mice with neutralizing antibody against
uPAR did not significantly reduce the ratio of intimal to medial
expression of LR11; Figure 11, M-O, R-T, and V). Thus, the ARB
candesartan, which inhibits Ang [I-mediated LR11/uPAR/integrin
cell migration and artachment signals, reduces intimal thickness
after cuff placement in mice; this reduction is counteracred in mice
thar overproduce sLR11. These results, obrained using an inumal
thickening model with sLR11 overproduction, show that Ang I1-
induced cell nigration and attachment contnbute to the migration
of SMCs from the media to the intima after arterial injury.

Discussion

LRs play a key role in the catabolism of complexes berween pro-
teinases and their receptors (5-7). In SMCs, LRs are thought to
funcrion in the catabolism of membrane molecules chat regulate
intracellular signaling events important for the specific proper-
ties of these cells, particularly in regard to their motility and
migration (24-33). Members of cthe family, such as LRP1 (34),
VLDL recepror (LR8) (25), and LRP1B (32, 35), endocytose uPAR
and uPA/uPAR complexes into cells for subsequent degradarion
MNumber B ny
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+ 8D (n = 15). *P < 0.05. (B) mRNA lavels of NMHCII-B
and LRP1 in injured arteries, Total RNA isolated from the
Intima or the media of Lr77+* of Lr17+ mice was reverse
transcribed into cDNA and subjected to real-time PCR
analysis using specific primers for NMHCII-B and LRP1,
raspactively. The amounts of amplified products are
expressed relative to the amounts of fi-actin transcripl, and
the ratio of mMANA expression levels of intima and media
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bral artery diseases (19), and <hat this correlation is independent
of other escablished risk factors for IMT in subjects with dyslip-
idemia. Taking the results togecher, we propose that circulating
sLR11 maybe a marker reflecting the intimal and medial thickness
of injured arceries. Clearly, further careful studies using subjects
with different characreristics are needed for the evaluation of a
(parho)physiological significance in arterial diseases, Given that
sLIt11 s released from other major sources, the basis for this infer-
ence uncerrain. Considering that (a) the changes in IMT
are presumably due ro the tion of the complex of intimal
thickness, medial thickness, and hypertrophy of SMCs, which can
result from hypertension in the carotid arteries, and (b) LR11 is
required for Ang lI-induced SMC mugration in culture systems and
mouse models, the relation of the current results to the pachology
of hypertension-induced vessel dumage requires acrennion. sLR11
may well affect the remodeling of injured arteries through the
phenotypic conversion of medial SMCs, since loss of sSLR11 dis-
turbs the myosin isoform conversion in addition to the actin rear-
rangement in SMCs (see Figure 2B, Figure 5B, and Supplemental

Le1f™  Leit*

are presented as mean = S0 (n = 3). "P < 0.05,

Figure 1A). In this context, the pachophysiological alteration of
Lr11--SMCs in the medial layer after Ang [l infusion needs to be
evaluared by a model suirable for vessel remodeling in addition to
the current cuff placement model (see Figure 5A). In any case, the
major sources and the plasma concentrations of sSLR11 in various
conditions need ro be idenufied. In the process of atherosclerosis
and vascular restenosis after coronary angioplasty, the migration
of SMCs appears to play a key role in intimal thickening (1, 2).
SMCs acquire or lose numerous cellular funcrions required for
performing the above tasks in the intima, as represented by chang-
es in myosin isoforms including NMHCII-B and SM1 (14, 21). One
of these tasks is enhancing cellular mobility while interacting with
components of the basement membrane and other extracellular
matrix components. One of the players in matrix degradation is
uPA bound to its specific recepror, uPAR, on the cell surface; its
essencial role in enhancing cell mobiliry has been intensively stud-
ied in cancer invasion and neural migranion (3, 4). uPAR interacrs
with integrin avf}3 (36) and subsequently activares signaling path-
ways such as the FAK/ERK/Racl cascade for cytoskeleron reor-
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Figure 6

sLR11-mediated ruffle formation through complex formation with UPAR and Integrin avfi3. (A) sLR11-induced membrane ruffle formation.
Rabbit SMCs were incubated with sLR11 (1 ug/ml) for 24 hours in the presence or absence of antibody against LR11, uPAR, or integrin avi3
(MAB1876) or of PD88058. The number of cells with membrane ruffles were counted among 500 cells in the fieid, Data are presented as mean
= 80 (n = §). (B) Colmmunoprecipitation of sLR11 (~250 kDa) with Integrin avp3 or uPAR. Membrane exiracts of rabbit SMCs were incubated
with or without sLR11 in the presence or absence of apoE (50 ug/mi) of RAP (10 pg/mi), immunoprecipitated with anti-integrin «vfi3 or anti-uPAR
antibody, and subjected to immunoblot analysis using anti-LR11 antibady. (C) uPAR expression in Lr17+ SMCs. Membrane extracts of Lr77++

or Lr11-- SMCs were incubatsac with RAP and subj dto | b ysis using anti-uPAR (~50 kDa) or anti-LAP1 (-85 kDa) antibody.
Blot shown is representative of 3 independant expen is. Datla are p ted as maan = SD (n = 3), *P < 0.05.
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Figure 7
sLR11-madiated i diular signals ralated to cytoskeleton reorganization. (A) sLR11-induced FAK activation. Cell lysates of rabbit SMCs were

Incubated with or without sLR11 (1 ug/ml) in the presence or absence of antibody against LA11 or integrin avii3d (MAB1878), immunopracipitated
with anti-FAK antibody, and subsected 1o inmunablot analysis using anti-FAK (~130 kDa) or anti-phospho-FAK (~130 kDa) antibody. (B) sLR11-
induced phosphorylation of ERK1/2. wmm{sowpmh;dmsmc-mmmummnu ug/mi) for the indicated times in the

b of anti~intagrin avp3 antibody (MAB1976) and subjected to : using antibody against (phospho) p42/44
M&Pldnne Uppear and lower s gnals represent ERK1 (—44 kDa) and ERK2 (42 kDa), raspauuvulyhal Blot shown is representative of 3 inde-
pendent experiments, Data of p-ERK1/2 are presanted as mean = SD (n = 3). "P < 0.05. (C) Rac! activation in Lr77+ SMCs. Cell lysates (60 ug
protein) of Le1 1+ or Lr1 1+ SMCs were incubataed with sLA11 (1 wg/mi) in the presence or absence of antibody against integrin avg3 (RMV-7),

Immunoprecipitated with PAK-1 PED Pratein GST bnads, and subjected to immunoblot analysis with anti-Rac1 (-21 kDa) or anti-GTP-Rac1
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ganization (3, 4). Therefore, 1PAR acrivarion contributes to the
progression of vascular remodeling through enhanced migration
of intimal SMCs. Based on these findings, we have now idenufied
a regularor of uPAR-mediared acrivation of cytoskeleral reorgani.
zation in the process of Ang [I-induced migration of SMCs (see
Figure 12). Moreover, the disturbed myosin isoform conversion
in Lr117 SMCs may indicate chat the LR11/uPAR signal plays a
role in the coordinarion of actin and myosin rearrangement. The
significance of LR11-mediated cytoskel 1on for the
conversion from contractile ro synthetic phenotype needs to be
addressed in furure studies,

Ang 1I, similar to PDGF-BB, plays an important role as a
cytokine in the process of arkerosclerosis and vascular remodel-
ing (15, 16). The acrivation of its specific recepror, AT R, triggers
various intracellular signals roward proliferation and migration
of SMCs. The Ang ll-promoted activities are greatly diminished
by specific AT;R antagonists or by inhibition of MAP signal-
ing using synthetic inhibitors of MAP kinase (3, 4). Here, Ang I1
stimulared cell migrarion and atcachment and LR11 expression
through AT R activation; the enhancement of artachment by
Ang Il was more obvious in the absence than in che presence of
PDGF-BB (see Figure 3). Blocking LR11 and subsequent events
abolished Ang I1-induced migracion and attachment of SMCs
(see Figure 10). The effects of LR11 ablation on Ang [l-induced
migrarion and arrachment strongly suggest that Ang [1-mediated
enhancement of artachment depends on sLR11-mediated cyto-
skeleton reorganizarion. sLR11-induced ruffle formation and
arrachment activity even in the absence of Ang Il or PDGF-BB
(see Figure 3D, Figure 4, | and M, and Figure 10C) suggest that
LR11 overproducrion generally induced by such cytokines
is important for the increased attachment activity through
enhanced ruffle formarion in the process of cell migration.
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ARBs prevent vascular damages in a mouse model of Marfan
syndrome through amelioration of the increased activarion of
TGF-f signaling pathways (37), Boucher et al. recently reported
on a conditional LRP1-deficient mouse model in which activa-
tion of TGF-f signaling pathways in the vascular wall was maxi-
mally increased, which is similar to whar occurs in Marfan syn-
drome (38). LR11 seems to play an essential role in the change
in cell mobility in the signals from Ang Il and also in part from
PDGF-BB (Figure 12),

Neutralizing ancibodies against LR11 have been shown o
reduce the migratory activity of intimal SMCs and intimal chick-
ness after cuff injury (11). Here, using LR11-deficienr cells, we
found that sLR11 induces the complex formarion of uPAR and
incegrin ovB3 in SMCs (Figure 6). This finding may well explain
the previous observation that incubation with aprotinin, a plas-
min inhibitor, effecrively reduces invasion but has much less effect
on migrarion in LR11-overexpressing cells (ref. 13 and Supple-
mental Figure 1). The current study shows that overproduction of
sLR11 in the absence of the membrane-bound form triggers the
activation of uPAR-mediated intracellular signals via the integrin/
ERK/Rac pathway, leading to membrane ruffling (Figures 6 and
7). Elevated sLR11 levels resulted in an exaggerated response of
intimal SMCs to vascular injury and to an attenuated sensitivity
to ARB trearment in mice (Figure 11). In this conrext, we recently
observed thar exogenous recombinanc sLR11 interacts with mac-
rophage uPAR and accelerares foam cell formarion (20). Thus,
sLR11 derived from intimal SMCs is implicared in plaque forma-
tion through irs effects on SMCs and macrophages. Although our
limited analysis did not show a significant relationship between
sLR11 and high-sensitve C-reactive protein (hsCRP) in plasma (M.
Jiang and H. Bujo, unpublished observations), the involvement of
inflammarion in LR11 gene expression or shedding of sLR11n
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