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Figure 5. Effect of PKD inhibition In mice. A, PKD-mediated
phospharylation in the liver in doxazosin (Dox)-treated C57BL/6
mice (n=3 for each group). B, C, and D, Gb6983 or vehicle (C)
was given 1o the mice (n=7 for each group). Liver protein (750
1g) immunoprecipitated with anti-AP2q antibody was analyzed
with antibodies against phospho-Ser (pSer) and AP2« (Ap2) (B).
Liver protein (5 pg) was analyzed by Western blotting with anti-
bodies against phospho-PKD (pPKD) and PKD (C), and
phospho-PKCa (pPKCa), PKCa, and phospho-PKC substrate
(pPPKC-substrate) (D). E. Expression of SREBP1 and SREBPZ in
the liver and SREBP1 in the adipose tissue by measuring
mRNA. The graphs represent quantified blotting data of at least
3 experiments. *P-<0.05 and "*P- 0.01.
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Discussion

ABCAT is a rate-limiting factor of plasma HDL level as it
“catalyzes” HDL biogenesis.?® This is an important part of
body und cellular cholesterol homeostasis because cholesterol
is not catabolized in extrahepatic peripheral cells except for
steroidogenesis and therefore transported to the liver by HDL
for conversion to bile acids.® This view is consistent with
clinical findings that HDL is an apparent negative risk lactor
for atherosclerosis. Accordingly, increase of the ABCAI
activity may be an effective approach for prevention and cure
of atherosclerosis, In the present study, we investigated
molecular mechunism for negative regulation of ABCAI
gene expression by AP2q, expecting that this reaction may be
a pood pharmacological target for the increase of HDL
biogenesis.

Based on our finding that Ser-phosphorylation of AP2«
was associated with its binding activity to the ABCAI
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Figure 6. Effact of PKD inhibition by G66983 in mouse. A,
Expression of ABCA1 in the liver. Total RNA (50 ng) from the
liver tissue (30 mg wet weight) was used for ABCA1 mRNA, and
50 wg prolein was analyzed by Western bilotting for ABCA1 pro-
tein. B, Plasma lipoprotein. Blood plasma was analyzed for
lipoproteins by HPLC by monitoring total (TC) and free (FC)
cholesterol, choline-phospholipids (PL), and triacylglycerol (TG).
*P<0.05 and “"P< 0.01.

promoter,' potential sites for Ser-phosphorylation was ana-
lyzed in AP2a protein. Phosphorylation by PKD mainly at
Ser258 was found reluted to the DNA binding activity of
AP2e. The results are consistent with the previous findings
that the region of this residue is included in the highly
conserved basic domain of AP2a considered responsible for
the binding to DNA after the dimerization mediated by the
helix-span-helix domuin** From the results, however, minor
involvement of Ser326 has not been excluded.

Doxazosin reduced phosphorylation of this specific site.
decreased binding of AP2a to the ABCAI promoter, and
increased its transcription. Direct inhibition of PKD expres-
sion by siRNA resulted in the increase of ABCAL expression
and of biogenesis of HDL. Pharmacological inhibition of
PKD also increased ABCAI expression and its activity.
Several mechanisms were proposed for posttranscriptional
regulation of AP2« activity in previous reports, such as
PKA-mediated phosphorylation.” redox regulation.”” and
sumoylation.** Physical interaction with various proteins was
also indicated for modulation of the AP2a activity.® How-
ever, this study demonstrated that phosphorylation of a
specific site(s) by PKD modulates AP2 binding 1o a specific
site of DNA and its functional activity. PKA-phosphorylation
was not investigated in detail in the present study, as
PKA-phosphorylation did not seem affected by doxazosin.
Also, it was previously shown that PKA-phosphorylation at
Ser-239 does not influence DNA-binding of AP2a? In
addition, ¢cAMP and therefore PKA activation has been
indicated for ABCA|1 upregulation rather than downregula-
tion. Therefore. it is very unlikely that the Ser-239 phosphor-
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ylation is involved in negative regulation of ABCA1 tran-
scription via PKD/AP2a pathway. However, additional
studies focusing on specific PKA-phosphorylation sites and
ABCAL expression should be required for complete exclu-
sion of its involvement.

PKD was initially identified as a novel PKC-reluted en-
zyme PKCp. and later recogmized as a new family of
protein Kinase, Its catalytic domain is not exactly similar
the conserved Kinase domain of other PKC members but
rather resembles that of calcium/culmodulin dependent ki-
nases. ™ Many mediators to activate PKC also activate PKD,
such as PMA, DAG, PDGF, oxdative stress, and several
GPCR ligands (thrombin, serotonin, bradykinin, and lyso-
phosphatidic acid)."-'**" It has recently been reported that
PKD is activated by its phosphorylation of Ser744 and
Ser748 munly by PKC as it is blocked by PKC inhibitors
including Go6983.%* 1t is interesting that G86983 more
effectively inhibited PKD reaction than PKC-mediated reac-
tions in cells and in vivo, in comparison to other compounds,
in spite of the fact that its inhibitory activity is much stronger
aguinst PKC than against PKD. " We therefore chose G56983
for selective inhibition of PKD for this empirical reason. This
compound in fact reproduced the effects of doxazosin in mice
o increase ABCAL expression and plasma HDL (Figure 6
and supplemental Table 1),

PKD may also be involved in negative regulation of the
adiponectin gene by AP2A." as LRRAKS motif is conserved
for AP2a and AP2 in their DNA binding domain. Overex-
pression of AP2S caused lipid sccumulation and cellular
enlargement in adipocytes,” Being consistent with these
findings, our preliminary experimental observation showed
that knockdown of PKD by siRNAs increased adiponectin
MRNA in NIH3T3-L1 adipocyres and transcriptional activity
of its promoter. PKD knockdown in the adipocyte decreased
lipid droplet size shown by oil red O staining. Finally, PKD
inhibition by GA6983 in vivo resulted in increase of mRNA
and plasma level of adiponectin. Lipid accumulation of
adipocytes was decreased by the PKD knockdown.

PKD siRNA decreased SREBPI, an adipogenesis-
regulating gene, but not SREBP2, u cholesterol homeostasis-
regulating gene (Iwamoto et al, 2008 unpublished data).
Inhibition of PKD by G&6983 in vivo significamtly dimin-
ished SREBPI expression in the liver (Figure SE) and
presumably caused reduction of plasma triglyceride in mice
(supplemental Table). A more recent report that inhibition of
PKD increases release of lipoprotein lipase by cardiomyo-
cytes may be consistent with these findings. ™

PKD mediates mitogenic response to various growth fac-
tors, and potentiated cellular DNA synthesis by increasing
duration of MEK/ERK/RSK signaling.'"** Furthermore,
PKD enhanced antinpoptotic genes by activation of NF-kB
through the TKB degradation in response to oxidative
stress-PKD was required for cellular survival after oxda-
tive stress-induced apoptosis,'' Several other reports
showed that doxazosin downregulated NF-kB signaling
and induced apoptosis in some types of cells."*"? These
findings are not inconsistent with our results of inhibition
of PKD and AP2« phosphorylation by doxazosin,
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Function of AP2 was generally related to cell proliferation,
differentiation, and apoptosis. Fibroblast derived from AP2e-
deficient mouse exhibited growth-retardation indicating its
requirement for cell proliferation perhaps by suppressing the
genes for terminal differentiation, apoptosis, and growth
retardation.'* Increased AP2 levels have been shown in
various types of cancer cells.!™'" % The proto-oncogene
c-erb-B2 expression has been reported regulated by AP2.'%
Among various subtypes of AP2, PKD recognition sites are
well conserved. PKD knock-down by siRNA in Hela cells
decreased c-erb-B2 mRNA expression and cell proliferation
rate (Iwamoto et al, 2008 unpublished data). Thus. PKD/AP2
signaling could regulate the balance of cell growth. During
proliferation, cholesterol is required for cells to generate new
membrane, and ABCA| should perhaps be downregulated to
prevent cholesterol from wasteful release. Therefore, action
of AP2a on expression of the ABCAI gene and HDL
biogenesis may be consistent with other general function of
this transcription factor for enhancing cell proliferation. In
agreement with this view, PDGF reportedly increases
3-hydroxy-3-methylglutaryl (HMG)-coenzyme A (CoA) syn-
thesis™ and low-density lipoprotein receptor activity,* and
decreases ABCA1 expression level ! Inlibinon of cellular
cholesterol biosynthesis by statins reduces proliferation of
cancer cells.*? Tt is also consistent with the finding that
cellular free cholesterol doubled following the S-phase, and
reached its maximum well before mitosis*' by the increase of
its uptake from extracellular lipoproteins and by the reduction
of its release.

The potential scheme achieved by inhibition of the PKD/
AP2 pathway is illustrated in supplemental Figure IV, This
process would increase ABCAT, HDL, and adiponection and
improve such multiple nsk statws defined as “metabolic
syndrome.” A guestion remains regarding what is a trigger for
PKD/APZa signal for regulation of the ABCA1 gene expres-
sion. Further investigation is needed 1o address this question,
perhaps in the relation 1o regulation of cell growth.

In conclusion, we demonstrated that PKD phosphorylates
Ser258 of AP2a and increases the DNA binding of AP2a
protein. Inhibition of PKIYAP2« signaling pathway therefore
decreases repression of the ABCAI gene expression and
accordingly increases ABCAI and biogenesis of HDL. This
finding is consistent with the other AP2-regulated gene,
adiponectin. Inhibition of PKD thus would be a new drug
target for prevention of atherosclerosis.
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Ang ll-stimulated migration of
vascular smooth muscle cells
is dependent on LR11 in mice
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Medial-to-intimal migration of SMCs is critical to atherosclerotic plague formation and remodeling of
injured arteries. Considerable amounts of the shed soluble form of the LDL recepror 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 carotid
intima-media thickness (IMT) and thar targeted disruption of the LR11 gene greatly reduces intimal thicken-
ing of arteries through attenuation of Ang Il-induced migration of SMCs. Serum concentrations of sLR11
were positively correlated with IMT in dyslipidemic subjects, and multivariable regression analysis suggested
sLR11 levels as an index of IMT, independent of classical atherosclerosis risk factors. In Lr117/~ mice, femoral
artery intimal thickness after cuff placement was decreased, and Ang I1-stimulated migration and attachment
of SMCs from these mice were largely abolished. In isolated murine SMCs, sLR11 caused membrane ruffle
formation via activation of focal adhesion kinase/ ERK/Racl accompanied by complex formation between
uPAR and integrin avfi3, a process accelerated by Ang IT. Overproduction of sLR11 decreased the sensitivity
of Ang IT-induced activation pathways to inhibition by an Ang II type 1 receptor blocker in mice. Thus, we
demonstrate a requirement for sLR11 in Ang II-induced SMC migration and propose what we believe isa

novel role for sLR11 as a biomarker of caroud IMT.

Introduction
Migration of vascular SMCs from the media tothe intima is a key step
in the development of atherosclerosis (1, 2). Following migration,
SMCs proliferate in the intima and secrete matnces and proteases
to form arheromatous plagues under the influence of stimulatory
cycokines. The system encompassing urokinase-type plasminogen
activator (uPA) and its receptor (uPAR) 1s thoughe to be important
for rhe migration of SMCs. For migration, cell-associared proteclysis
of ECM and/or receptor-mediated signaling leading to activarion of
ERK and Racl (3, 4) play crucial roles. However, in regard to migra-
tion of SMCs relevant to the development of atherosclerosis and
remodeling of injured artenes, the mechamsms for and significance
of uPA/uPAR activation have not been fully elucidaced yet
Functional studies using genetically altered amimals or cells have
revealed that certain receprors belanging ro the fanuly of LDL
recepror relatives (LRs) are imporeant regulators of cell migration
via modularing eytokine signaling and/or protease activation (5-7)
Interestingly, LR-medhated regulaton of migration appears to be
caused at least in part by modulation of the uPA/uPAR system (6,

Nonstandard abbrevintions used: ARE, AT, H Iocker AT, L Ang 1] tvpe | reecpror,
FAK. focal adhesion kinase GST, glutathione-S-trangferase, HDL-C HDL cholesterol
1/M rano; ruriv of IMT, IMT, intimusmedia thickness: LDL-C. LDL cholesterol: LR
LD rocpon relatives LRI LDLrelared provem [ NMUCTER, nonmuscle mposin
heavy cham 1=K procein; OR, odds ratie, PDGF-BBR, PUGF isoform with 2 B chaing
HAP, receprorassociated protein, sLR1 L shed soluble form of LR aPA arokinase
typre plasniinsen dcnvatur uPAR ulA recepror
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7). LR11 (also called sorLA), an unusually complex and highly con-
served LR discovered and molecularly charactenized by us and others
(8-10). mediates uPAR's plasma membrane localization, as both the
membrane-spanning form and the shed soluble form of the recepror
(sLR11) bind 1o and colocalize with uPAR on the cell surface (11)
LR11 is highly expressed in intimal SMCs ar the intima-media bor-
der in the plaque area of expenimental models of acherogenesis (11,
12). Furthermore, overexpression of LR11 in SMCs enhances thewr
migrarion via elevared levels of uPAR (13).

Inthe process of acherosclerosis, the BB isoformi W PDGF (PDGF-BH)
1s an important cytokine for migration of SMCs (1, 2). PDGF-EB
performs its task through the stimulation of cell motility via
accelerated cytoskeleton rearrangement and degradation of FCM
components of intimal SMCs (1), Also, PDGF-BB enhances migra-
tion of intimal SMCs via activation of the LR11/uPAR-mediared
intracellular pathway (14). Ang Il is another porent chemoartracrant
for SMCs (1, 15, 16). Recent studies with Ang 11 type T recepror
(AT, R) blockers (ARBs) (17) or knockdown experiments (18) have
shown that intracellular signals involving activation of Racl are
important for the Ang l-mediared hypercrophy of SMCs and neo-
lﬂ”!'l'lﬂ! tormationan 'I]'Ir\l'l'l:d. aArterics.

Here, we have studied the (patho)physiological significance of the
LIt1 1-mediated migration system of momal SMCsn the develop-
ment of intimal thickening in vivo, We found that cireulating sLR 11
levels reflecr the degree of carond intuma-media thickness (IMT),an
established atherosclerasis marker (19), independently of orher risk
factars of IMT in subjecrs with dyslipidemia. Subsequent studies
using LR 1 I-targeted mice revealed that LRI L inereases membrane
7733

wrg Velue 1A Snder K Auguse 2008

202 —




A WT locus
17kt

RV X

| mExf
: it

Targeting ":H

RY
vector : Neo!

77

]

Targeting locus
RV X

RV
T % 3

+—I

E

HIE RV

I

gﬂ_ I

= peobe

B.8kb

Brain
e

Kidney
LT TS

LR11

(I B e —

Figure 1

Lr,,a. ‘.

Lri 1%

Lrit1*

Intimal thickness of arteries after cuft placement in Lr17- mice. (A) Targeted disruption strategy of the murine LR17 gene, consisl-
ing of 49 exons. The largeting vector (bold line) contains 3.3 kb (5') and 4.4 kb (3') of genomic DNA flanking the neomycin-resis-
tance cassetle (Neo’). After homologous recombinalion, Neo' replaced exon 1 (Ex7, gray box), which contained the Initiation codon
of the LR11 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 murine-tail DNA from helerozygous intercrosses digested with EcoRV using the praobe (see Figure 1A) that
detects 17-kb and 6.8-kb fragments in the WT and knockout allele, respectively. (C) Immunodetection of LA11 protein. Total protein
(100 pg) extracted from brain and kidney were separated by electrophoresis, blotted on a membrane, and incubated with antibody against LR11
(-250 kDa) or LRP1(-85 kDa). The samples were loaded on the same gel but not on immediately neighboring lanes. (D) Upper panels show
sections of temoral artery of Lr17+* or Lr71+ mouse after cuff placement, subjected to elastica van Gieson staining. Arrowheads indicate the
internal elastic layers. Scale bar 50 ym. Lower panel shows I/M ratio of arteries presented as mean £ SD {n = 15). *P < 0.05.

studies using cultured SMCs (refs. 11-14, 20, and Supplemental
Figure 1). We analyzed che effects of several other chemoractuc
cytokines (Ang II, VEGF, bFGF, and IL-6) on the migration activ-
ity of Lrl 1+~ SMCs (M. Jiang and H. Bujo, unpublished observa-
tions). Among them, only Ang IT did not enhance the migration of
Lr11* SMCs in horh the presence and ahsence of PDGF-BB but
did s0 1n WT SMCs or Lr1 1+ SMCs in the presence of conditioned
medium from WT SMCs (Figure 3A). There were no significane dif-
ferences in levels of Ang H-induced Scacl phosphorylanon activicy
berween WT SMCsand Lr1 7= SMCs (Figure 3B). The absence of a
migration response to Ang 1T of LR11-deficient SMCs prompred us
to further analyze thesr moulhity properties, since Ang 1115 a porent
sumulator of cytoskeleron reorganizavion through intracellular
signaling (15, 17) Preincubation with Ang 11 of Ly 11" SMCs but
notof Lrll SMCs enhanced cell attachment in the presence and
ahsence of PRGF-BB (Figure 3C). The defect in the Ang IT-mediated
induction of attachment activicy was restored by sSLR 11 in Lr1]

SMGs (Figure 313); nore that the Ang l-induced artachment activ-
sty of Lrll

to the levels observed in Lel

cells was reduced by neatralizing ano-LR1 1 anuabodies
SMCs. We therefore studied mem-
brane ruffling, which 1s related ro cytoskeleal rearganization lead-
ing to enhanced cell artachmenc (3, 4), i el 1° * and Lot i-- SMCs
Ang ITappeared to increase the proportion of eells wath ruffles, and
this increase was attenuared by blocking uPAR with neatralizing
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antibody in Lr1 1 cells (Figure 4, A-C, D, and M). In Lr1 1+ SMCs,
Ang II's effect on ruffle formanion was not sigmificant; in addition,
the proportion of cells with rulfles in the presence of PDGF-RR
was lower (Figure 4, E-G, H, and M). Also, ruffling by Ang IT incu-
bation was not enhanced in Lrl1- SMCs pretreated with sLR11
(Figure 4, [-M). Thus, as quantitated (Figure 4M), in the presence
of PDGF, Ang 11 stimulates membrane ruffling of WT cells (Figure
4, B and C) and chis simulation is abolished in Lr! 1" SMCs (Fig-
ure 4, F and G), even in the presence of sLR11 (Figure 4, | and K).
Surprisingly, sLR11 induces ruffle formation in lr11- = SMCs in the
absence of boch PDGF and Ang 11 (Figure 4, E and 1), which 15 con-
sisrent wath the sLR1 1anduced increase in arrachment acoviry
Le1 1~ SMCs (see Figure 3D), The increased rufTling m the presence
of sLR11 wich PDGF and Ang 11 was almost abolished by blocking
uPAR (Figure 4. K and L). Next, in order to study che significance of
LR11n the Ang ll-mediared vascular parhology, we analyzed the
effect of LR11 deficiency on intimal thickening of arteries after cuff
placement in the munne Ang Il nfusion model. Admimseration of
Ang ITac 1 pg/kg/min for 28 days significantly increased the I/M
ratio in Lrd 1" " mice: pote that the medial thickness in Lel ]
was not significantly different from chacin Lelg

mice
mice (Figure A
and Supplemental Figure 2). However, the Ang Hinfusion-induced
merease was nor observed in Ll mice. The increase by Ang 11
mfusion in the level of NMHCI-B expression i intima versus
Spimler & 2735
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media did not occurin Le1 - muce (Figure SB; note that the level of
LRP1 after Ang 1 infusion remained unchanged in both Lrl 1" and
Lr11-- mace). Thus, Lrl 1=~ SMCs are characerized by a failure in
Ang ll-mediated ruffle formanion and arcachment, which in turn
apparently leads to a decrease in Ang 11- or PDGF-BB-mediated
migration activity. Furchermore, Ang Il infusion-induced intimal
thickening i response to artenal injury is arcenuared, accompa-
nied by an altered expression pattern of myosin fiber isoforms in
intimal SMCs (see Figure 2).

LRI activates membrane ruffling through the « PAR/mitegrin/focal adbe-
ston kmase/ERK/Rac] pathway, LR11 binds ro and colocalizes with
uPAR on the cell surface (11), and a fraction of cell surface-located
LR11 15 protealytically shed to produce a soluble form, sLR11 (22).
To gam further insight into sSLR11's activity, we analyzed its effect
on uPAR-mediated intracellular signals for cytoskeleral reorganiza-
tion. The proportion of cells wich ruffle formation wax increased
in dose-dependent fashion by sLR11, and this increase was clearly
reduced by prerreacment with neutralizing antibodies against LR11,
uPAR, or integrin avp3; PDY9805Y, a specific MEK inhibitor, had
the same effece (Figure 6A). The formanion of a complex berween
LR11 and integrin avf3 was shown by coimmunoprecipitation, as
previously demonserated for uPAR/LR11 (11). The complex for-
macion was inhibired 11}‘ the additton of known ||gam|_\ of LR11,
c.g.. apoE and recepror-associated protein (RAP) (Figure 6B). LR11
actenuates internalization and catabolisim of uPAR, which is accel-
crated by LRP1 (13). RAP, a common higand of LR11 and LRIM.
reduced the membrane expression of uPAR in Lrl 17" SMCs but sig-
nificantly increased the uPAR expression m L1l SMCx (Figure
6C). Thus. LR11 in association with LRI appears o form a com-
plexwith inregrin avid via inceraction with uPAR, which also inds
integrin (4, 11), Accordingly, sLE1T mduced the phosphorvlation
2738
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Figure 2

Myosin isolorm expression pattern in injured arteries after cull place-
ment in Lr1 7=~ mice. (A) Sections of femoral arteries in Lr17+* or
Lr17- mice aher cuff placement, subjected to immunohistochemistry
using antibodies against SMA or NMHCII-B. Arrowheads indicate the
imernal elastic layers. Scale bars: 50 um. (B) mANA levels of myosin
isolorms NMHCII-B and SM1 in arleries alter cuff placement in Lr1 7+
or Lr1 17— mice. Total RNA isolated from the thickened intima (I) or the
maedia (M) of Lr77++ or Lr17-- mice was reverse (ranscribed to cONA
and subjected to real-time PCR analysis using speciic primers for
NMHCII-B and SM1, respectively. The amounts of amplified products
are expressed relative 1o the amounts of f-actin transcripl. Data are
presented as mean = SD (n=5). "P < 0.05.

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 sSLR11 (Figure 7C).
Moreaver, the activation of the FAK/ERK/Rac1 cascade was inhib-
ited by neucralizing ant-integrin av3 annbody (Figure 7, A-C).
Likewise. in Lril * cells, Racl activation was increased by sLR11,
and this increase was diminished by neutralizing anu-integrin
avfi3 anribody (Figure 7D). In chese experiments, the presence of
anti-glutathione-S-transferase (anu-GST) antbody did not show
any significant effects {dara not shown). Thus, sSLR11 can acvate
the FAK/ERK/Rac1 pathway in SMCs through complex formation
with uPAR and integrin uvfi3; transduction of che signal leads to
cytoskeletal reorganization associated with membrane ruffling,
Ang Il induces migration of SMCs through activation of LR T-mediated
cell atrachment. Together with the results shown in Figures 6 and 7,
the greatly dimmished Ang ll-induced migration in LR11-deficient
SMCs (sex Figure 3) suggested that it is due w a defectin Ang IT's
actionson the LR1 L/uPAR/integrin/FAK/ERK/Rac| pachway, Ang Tl
and PDGF-BB hut not VEGF led to increased production of sSLR11
in rabbit SMCs (Figure 8A). In fact, the levels of borh sLR11 and
membrane-bound LR11 but nor LRP1 were increased by Ang llin a
dose-dependent manner (Figure 8B), The Ang Il-mediared increase
insLR11 levels was blocked by the ARBs, valsartan and candesartan,
as well as by PD98059 (Figure BC and Supplemental Figure 3). Ang 11
induced the membrane expression of uPAR in Lyl 1" SMCs, which
was abolished in Lr1 1 SMCs (Figure 9A). Thus. the specific increase
of sLR 11 levels caused by Ang 11 together wath the reduction in Ang I1-
induced migracion and attachment m LrlJ 7 SMCs (see Figure 3)
strongly suggested thar Ang IT1s key to enhanced migration via aco-
vation of the LRI 1-mediated pachway and cytoskelecal reorganiza-
tion. Accordingly, Ang Il-induced Racl activation was imhilited by
neutralizing antibody against LR11 or uPAR (Figure 9B). The ahol-
ished Ang ll-induced Rac1 activarion in Ll 1+~ SMCs was recovered
by sLR11, and the sLR1 l-mediared activiry was not inhihited by can-
desartan (Figure 9C). The Ang Tl-induced increase in cell artachment
was abolished by a2 neutrahizing antibody against LR11, and impor-
tantly, valsartan had no effect on Ang [l-induced enhanced attach-
ment in the presence of sLR11 (Figure 10A), In addicion, Ang 11-
induced migration activity was suppressed when SMCs were pre-
treated with uPAR-specific siRNA (Figure 10B). Finally, the inhibi-
tory abilietes of valsartan and candesartan on migration activicy were
reduced in sLR11-pretreated C-1 cells (16% and 17%, respectively),
an established SMC line (11), or LR T-overexpressing R-1 cells (20%
and 11%, respectively) compared with unereated C-1 cells (34% and
33%, respectively), although the absolute extent of inhibition among
them were ssmilar (Figure 10C) These resules indicace that Ang 11
Nunnlwr &
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Ang li-induced migration and attachment of cultured SMCs derived from Lr11+ mice. (A) Effect of Ang Il on the PDGF-BB-induced (10 ng/ml)
migration activities of Lr17+* or Lr17-+ SMCs. SMCs were incubated with 1 uM Ang Il for 24 hours in the presence or absence of conditioned
medium of Lr71-~ SMCs before migration analyses, Dala are presented as mean = SD (n = 6). (B) Eftect of Ang Il on Stat1 phosphorylation in
Lr11+* or Lr77-- SMCs. SMCs were Incubated with 1 uM Ang Il for 10 minutes before immunoblot analysis for (phospho-) Stat1 (-80 kDa). (C)
EHlects of Ang Il on cell attachment of Lr71+* or Lr71- SMCs in the presence or absence of 10 ng/ml PDGF-BBs. SMCs were incubated with
or without Ang 11 (1 uM) for 24 hours before attachment analyses. Data are presented as mean = 5D (n = 6). (D) Effects of sSLR11 on Ang II-
Induced attachment of Lr77** or Lr17- SMCs. SMCs were incubated with or without Ang Il (1 uM) for 24 hours in the presence or absence
of anti-LR11 antibody (pm11, 1:5 dilution) or recombinant sLR11 (1 pg/mi) for 24 hours belore attachment analyses. Data are presented as

mean = SD (n = 8), *P < 0.05.

induces cell migration through activation of LR11/uPAR-mediated
cell arrachment involving the Racl pathway.

Candesartan does not inhibit mtimal thickening after arterial mjury m
mice averproducing sLR11. The production of sSLR11 15 elevated in
SMCs in the course of inumal chickening after endathelial injury
(200, In order to learn more about the effects of inhilnoon anng I1-
mediated LR11/uPAR/integrn signaling on intimal thickening, we
analyzed the intimal thickness afrer cuff placement in LR 1 1-overex-
pressing nuce. Mice were implanted with R-1 cells, which are A7rS
cells srably overexpressing LR11, or with mock-transfected A7rS
cells (C-1) (13, 23). Mice implanted with -1 cells showed a 5.2-fold
ncrease in the serum concentration of immunoderectable sLR1 1
afrer implantation compared with those implanced wich C-1 cells
(4.22 2.6 Uversus 1.8 2 0.1 U). Candesarran admunistration signifi-
cantly reduced the intunal chickness (1I/M ratio) 4 weeks after cuft
placement in C-1 but not m R=1 muce (note that treatment of R-1
mice with neutralizing anubody against uPAR reduced the inumal
thickness; Figure 11, A-1and U). Intimal versus medial expression
of LR11 and NMIICH-Bwas ugmﬁ(.‘m(hr reduced by candesartan in
C-1muce (Figure 1L K. L P.Q and V). In co
and NMBCH-B expression m mtima versus media were not signifi-

werast, the levels of LR1 1

The fournal of Clinical Tavestigation  bepwaw o

cantly different in R-1 mice whether treated with candesarcan or not
{note that trearment of R-1 mice with neutralizing antibody against
uPAR did not significantly reduce the ratio of intimal co medial
expression of LR11; Figure 11, M-0, R-T, and V). Thus, the ARB
candesartan, which inhibits Ang I1- mediated LR11/uPAR /integnin
cell migration and attachment signals, reduces inumal thickness
after cuff placement in mice; this reduction is counteracted in mice
thar overproduce sLR11. These results, obrained using an inumal
thickeming model with sLR11 overproduction, show that Ang II-
mduced eell migranon and attachment contnbute to the migration
of SMCs from the media to the mtima after arterial injury.

Discussion

LRs play a key role 1n the catabolism of complexes berween pro-
teinases and thar receprors (5-7). In SMCs. LRs are thought to
funcoon in the catabolisim of membrane molecules chat regulate
intracellular signaling events important for the speaific proper-
ties of these cells, particularly in regard to rheir morility and
migration (24-33). Members of the family, such as LRIMY (34),
VLDL receptor (LRS) (25). and LRP1R (32, 35). endocytose uPAR
and uPA/uPAR complexes mto cells for subsequent degradation
iy

Nuthilet ¥ Auguss JINIK

205




) =

Cells wath ruffling (%

PDGF-BB
Ang i
auPAR

Figure 4

NS NS
mnn

T

- % ¥ -t - & ®
gt wmm Ak =
ABCD EFGH 1 JKL
Lrttre Lr11

Ang l-induced membrane ruffle formation of cultured SMCs denved from Lr7 7+ mice. (A-L) Ang lI-induced membrane rutfling (arrowheads) in
Lr17+* or Lr11-~ SMCs. The indicated SMCs were incubated with or without Ang li (1 uM) for 24 hours In the presence or absence of recombinant
sLR11 (1 ug/ml) with or without anti-uPAR antibody for 24 hours. PDGF-BB (10 ng/ml) was then added lo the culture medium for 10 minutes
before immunofluorescence analyses. Cells were then stained using Alexa Fluor 488 phalloidin. Scale bars: 10 pm. (M) The number of cells with
membrane rullles were counted among 500 cells in the field. Data are presented as mean = SD (n = 3). *P < 0.05. ND, not detected.
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Intimal thickening atter culf placement in response to Ang Il
infusion in Lr17+ mice. (A) I/M ratios of femoral artenesin
Lr17+ or Lr71-* mice aher cuff placement with saline or Ang |l
infusion (1 yg/kg/min lor 28 days) are presenied as mean
£ SD (n = 15). *P < 0.05. (B) mANA levels of NMHCII-B
and LRP1 in injured aneries. Total ANA isolated from the
intima or the madia ol Lr17+* or Lr117 mice was reverse
transcribed inlo cONA and subjected to real-time PCR
analysis using specilic primers for NMHCII-B and LRP1,
respectively, The amounts of amplified products are
expressed relative 1o the amounts of p-actin transcript, and
the ratio of mANA expression levels of intima and media
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bral artery diseases (19). and thar this correlanion is independent
of other established risk factors for IMT in subjeces with dyslip-
idemia. Taking che results together, we propose thar circulating
sLR11 may be a marker reflecting che inrimal and medial thickness
of injured arteries. Clearly, further careful studies using subjects
with different characreristics are needed for the evaluacion of a
(patho)physiological significance in artenal diseases. Given that
sLR111s released from other major sources, the basis for this infer-
ence remains uncertain, Considening thar (a) the changes in IMT
are presumably due to the evaluation of the complex of intimal
thickness, medial thickness, and hypertrophy of SMCs, which can
result from hypertension i the caroud arteries, and (b) LR11 s
required for Ang [T-induced SMC migration in culture systems and
mouse models, the relation of the current results to the pathology
of hypertension-induced vessel damage requires attention, sLR11
may well affece the remodeling of injured arteries through cthe
phenotypic conversion of medial SMCs, since loss of sSLR1 1 dis-
turhs the myosin isoform conversion in addition to the acon rear-
rangement in SMCs (sce Figure 2B, Figure SB. and Supplemental

Lri+ are presenied as mean £ S0 (n = 3). "P < 0.05.

Figure 1A). In this context, the pathophysiological alteration of
Lr11% SMCs in the medial layer after Ang Il infusion needs to be
evaluated by a model suitable for vessel remodeling in addition to
the current cuff placement model (see Figure SA). In any case, the
major sources and the plasma concentrations of sSLR11 in vanous
conditions need to be idenaified. In the process of atherosclerosis
and vascular restenosis after coronary angioplasty, the migration
of SMCs appears to play a key role in incimal thickening (1, 2).
SMCs acquire or lose numerous cellular funcrions required for
performing the above tasks in che intima, as represented by chang-
es in myosin isoforms including NMHCII-B and SM 1 (14, 21). One
of these tasks is enhancing cellular mobilicy while interacting with
components of the basement membrane and other extracellular
matrix components, One of the players in matrix degradanon is
uPA bound to its specific recepror, uPAR, on the cell surface; is
essential role in enhancing cell mobility has been mtensively stud-
ted in cancer invasion and neural migration (3, 4). uPAR interacts
with integrin avfi3 (36) and subsequently activaces signaling path-
ways such as the FAK/ERK/Racl cascade for cytoskeleton reor-
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Figure 6

sLA11-mediated rutile formation through complex formation with uPAR and integrin uvfid. (A) sLR11-induced membrane ruffle formation.
Rabbit SMCs were incubated with sSLR11 {1 ug/mi) for 24 hours in the presence or absence of antibody against LR11, uPAR, or infegrin uvii3
(MAB1976) or of PD98058. The number of cells with membrane ruffles were counted among 500 cells in the lield. Data are presented as mean
+ SO (n = 5). (B) Communoprecipitation of sSLA11 (-250 kDa) with integrin uvf:3 or UPAR. Membrane extracts of rabbit SMCs were incubaled
with or without sLR11 in The presence or absence of apoE (50 ng/mi) of RAP (10 ug/mi), immunoprecipitated with anti-integrin uvi3 or anti-uPAR
antibody, and subjected to immunoblo! analysis using anti-LA11 antibody. (C) uPAR expression in Lr717-~ SMCs. Membrane extracis ot Lrif+~
or L1 1+ SMCs were incubated with RAP and subjected 1o immunoblot analysis using anti-uPAR (-50 kDa) or antl-LRP1 (-85 kDa) antibedy.
Blot shown Is representative of 3 independent experiments. Data are presented as mean £ SD (n = 3), "P < 0.05.
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sLRA11-mediated intracellular signals related to cyloskeleton reorganization. (A) sLR11-induced FAK activation, Cell lysates of rabbit SMCs were
incubated with or without sLR11 (1 wg/ml) in the presence or absence of antibody against LR11 or integrin avii3 (MAB1976), immunoprecipitated
with anti-FAK antibody, and subjected to immunoblot analysis using anti-FAK (~130 kDa) or ant—phospho-FAK (-130 kDa) antibody. (B) sLR11—
induced phospharylation of ERK1/2. Cell lysates (10 ug protein) of rabbit SMCs were incubated with sLR11 (1 ug/ml} for the indicated times in the
presence or absence of anti-integrin av3 antibody (MAB1876) and subjected lo immunoblot analysis using antibody against (phospho) p42/44
MAP kinase. Upper and lower signals represent ERK1 (—44 kDa) and ERK2 (42 kDa), respectively (13). Blol shown is representative of 3 inde-
pendent experiments. Data of p-ERK1/2 are presented as mean = SD (n = 3). *P < 0.05. (C) Rac1 activation in Lr17-~ SMCs. Cell lysates (60 pg
protein) of Lr17+ or Lr17+ SMCs were incubated with sLR11 (1 pg/mil) in the presence or absence of antibody agains! integnin avi3 (RMV-7),
immunoprecipitated with PAK-1 PBD Protein GST beads, and subjected to immunoblot analysis with anti-Rac1 (-21 kDa) or anti-GTP-Rac1
(~21 kDa) antibody. (D) sLR11-induced Rac1 activation, Cell lysates (60 g protein) of rabbil SMCs were incubated with sLR11 (1 ug/mi) for the
indicated times in the presence or absence of anti-integnn av|i3 anlibody (MAB1976) and subjected to immunoblot analysis with anti-Rac1 (Rac1
-21 kDa and GST-Ract -21 kDa) antibody with (lop) or without (bottom) prior immunoprecipitation with PAK-1 PBD Protein GST beads.

ganization (3. 4), Therefore, uPAR activation conrributes to the
progression of vascular remodeling through enhanced igrarion
of intimal SMCs. Based on these findings, we have now identified
a regulator of uPAR mediated activation of cytoskeletal reorgani-
zation in the process of Ang H-induced migration of SMCs (see
Figure 12). Moreover, the disturbed myosin isoform conversion
in Lyl - SMCs may indicate that the LR11/uPAR signal plays a
role in the coordination of actin and myosin rearrangement. The
significance of LR1 I-mediated cytoskeleton reorganization for the
cnnver,\iun rrum l:nntracl:ilz Lo 5yﬂ[ll¢[lt PI'[L'I‘IUI_VPE ﬂ!td.\ (€8] hf
addressed in Future studies.

Ang 11, similar to PDGF-BB, plays an imporiant role as a
cytokine in the process of atherosclerosis and vascular remodel-
ing (15, 16). The activation of its specific receptor, AT R, triggers
various intracellular signals roward proliferation and migratuion
of SMCs. The Ang II- promoted activities are greatly diminished
by specific AT\R antagonists or by inhibition of MAP signal-
ing using syntheric inhibitors of MAP kinase (3, 4). Here, Ang Il
stimulared cell migration and attachment and LR11 expression
through AT, R activation; the enhancement of atrachment by
Ang 11 was more obvious in the absence than in the presence of
PDGF-BB (see Figure 3). Blocking LR11 and subsequent events
abolished Ang ll-induced migration and attachment of SMCs
(see Frgure 10), The effeces of LR11 ablanion on Ang ll-induced
migration and attachment scrongly suggest chat Ang 1T-mediared
enhancement of actachment depends on sLR 1 L-mediared cyro-
skeleton reorganizanon. sLIt] landuced ruffle formanion and
attachment activity even in the absence of Ang IT or PDGT-BB
(see Figure 3D, Figure 4, Land M, and Figure 10C) suggest that
LR1T overproduction generally induced by such cytokines
i1s important for the increased attachment activity through
enhanced ruffle Formation in the process of cell migranion
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ARBs prevent vascular damages in a mouse model of Marfan
syndrome through amelioravion of che increased acuvaton 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 what occurs in Marfan syn-
drome (38). LR11 seems to play an essential role in the change
in cell mobility in the signals from Ang IT and also in part from
PDGF-BB (Figure 12).

Neutralizing anribodies against LR11 have been shown to
reduce the migratory activity of intimal SMCs and intimal thick-
ness after cuff injury (11). Here, using LR11-deficient cells, we
found that sLR11 induces the complex formartion of uPAR and
integrin avf3 in SMCs (Figure 6). This finding may well explain
the previous observation that incubarion wich aprotinin, a plas-
min inhibitor. effectively reduces invasion but has much less effect
on migration in LR11-overexpressing cells (refl 13 and Supple-
mental Figure 1). The current study shows that overproduction of
sLR 11 in the absence of the membrane-bound form trggers the
activation of uPAR-mediated intracellular signals via the integrin/
ERK/Racl pathway, leading to membrane ruffling (Figures 6 and
7). Elevated sLR11 levels resulted in an exaggeraced response of
mtimal SMCs to vascular injury and to an actenuated sensitivity
to ARB trearment in mice (Figure 11). In this context, we recently
observed thar exogenous recombinane sLR11 interaces with mac-
rophage uPAR and accelerares foam cell formation (20). Thus,
sLR11 derved from mtimal SMCs is implicated in plaque forma-
von through its effeces on SMCs and macrophages. Alchough our
limired analysis Jdid not show a significant relarionship berween
sLR11 and high-sensitve C-reactive protem (hsCRIP)Y in plasma (M
Jang and H, Bupo, unpublished abservations). the involvement of
mflammation i LR gene expression or shedding of SLR-113n
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Ang Il-induced sLR11 production in SMCs. (A) Eflects of chemotactic cytokines an the production of sLA11 in rabbit SMCs.
Gonditioned media collected for 12 hours In the absence (lane 1) or presence ol Ang Il (1 uM, lane 2), PDGF (10 ng/ml,
lane 3), or VEGF (50 ng/ml, lane 4) were concentraled and subjected to immunoblot analysis using anti-LR11 antibody
(-250 kDa). Blot shown Is representative of 3 independent experiments. Data are presented as mean + SD (n = 3). "P < 0.05.
(B) Ang ll-dependent increase of soluble or membrane-bound forms of LR11 in SMCs, Membrane extracts (20 ug protein) prepared from rabbit
SMCs or conditioned medium collected for 12 hours after the addition of Ang Il at the indicated concentrations were subjected to immunoblot
analysis with anti-LA11 (~250 kDa) or anti-LAP1 (-85 kDa) antibody. Blot shown is representative of 3 independenl experiments. Data are
presented as mean = SD (n = 3). (C) Effect of ARBs or an ERK inhibitor on the Ang ll-dependent increase in sSLR11 in rabbit SMCs. Condi-
tioned medium collected for 12 hours In the presence or absence of Ang Il with or without valsartan (valsar, 10 nM), candesartan (10 nM), or
FD88059 (10 ;M) were subjecled to immunoblot analysis with anti-LR11 (~250 kDa) antibody. Blot shown is representative of 3 independent

experiments. Dala are presented as mean = 50 (n=3)

various diseases accompanied wich vascular damage needs to be
evaluated in future studies

It is of interest that in the central nervous system, LR | directs
trafficking of amylowd precursor protein into recycling pathways
(39) and LRI expression is reduced in sporadic Alzheimer dis-
ease (40). We have recently shown that inherited LRII/SORLI
varianes are associated with late-onser Alzheimer disease (39).
Furthermore, soluble circulating LRP1 has been shown to pro-
vide key endogenous peripheral “sink™ acrivity for amyloid
p-pepride in humans (41). The functions of LR11 1 amyloid
precursor protein and uPAR catabolism in association with
LRP1! suggest multiple roles for LR11 in the degradarion and/or
transport of several cell-surface and cytoplasmic molecules
In any case, the vascular phenotype of LR11 deficiency, e,
severely disturbed Ang 11-mediated migratnon of SMCs through
decreased uPAR catabolism, provides a system for studies an the
regulation of vascular remodeling roward the development of
novel therapeutic interventions,

Methods

Subjects. The study subjects are parnicipants i a cohorr study carned out
concurrently with health-check screening at Awa area in Chiba, Japan
(42) From among the 22.228 partcipancs screened imuially, we selecred
individuals with dyshpdenna (LDL cholesterol [LDL-C] * 160 mg/dl,
triglycendes » 200 me/dl. or HDL-cholesterol [HDL-C] « 33 mg/dl)
Nane of the selected paroncipants had medical complications ar was
undergaing treatment far abnormal plasma hpeds, glucose, or blond
pressure levels, The sclecred participants visited a hospiral for derailed
examuinanon of their chmeal profiles, collecoon of fasnng blood sam-
ples, and incasurement of carotid IMT. None had diaberes mellitus or

thyroid and endocninological discases. All gave written informed con.
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sent prior to the study, which was approved by the Human Investigarion
Review Committee of the Chiba University Graduate School of Med:-
cine. Examination of IMT was carried out with an ultrasound scanner
(§S13-1200CY; ALOKA) equipped with a lincar 7.5-MHz transducer (32
48] TMT was defined as the distance fron the leading edige of the lumen-
intima interface to the leading edge of the media-adventiua interface of
the far wall. The measurement of IMT in the common caronid arcery was
made along a 10-mm section just proximal to the carotid bull (32, 43),
and the average IMT was calculated from the nght and left IMTs of com-
mon carotid arreries. Venous hlood was drawn afeer an overnight fasr of
12-14 hours. Serum was scparated from blood cells by centrifuganon
and used for the measurement of lipids and other biochermical markers
[2), LDL-C was estimared with the equanion of Friedewald (32). LDL par-
ticle size and malondialdehvde-LUL levels were determined using gra-
dient gel elecrrophaoresis and sandwich ELISA, respectively (32), sLR1T
was immunologically measured as described in Immunoblotting and
ll"llll”lllp‘l’lll)llJIIE"I

Genevation of LelT - mice. A plasmid-targeting vector was constructed
with 3.3 kb (5) and 4.4 kb (3) of genomic DNA Nanking the neomy-
cin resistance cassecte (Neo') to target the firse exon of murine LR1I
After linearization, the plasrmid was introduced into 129/Sv-derived
embryonic stem cells by eleccroporation. Homologous recombinants
were identified. and 2 independently targeted clones were injeceed mio
CS7BL/6 blastocyses to generate chimenic mice. Male chimeras were
crasshred with C37BL/6 females, and germline transmussion was verified
by Southern hlot analysis. For Southern blor analysis, genomic DNA was
prepared from the tal and digested with FroRY. The fragments were
separated Iy ele rrn;-hur.-n-:s cranalerred o a membrane, and hybrdized
with specific fragmenis corresponding ro Marking regions of homolo-
gous recombanation as probes for the idenuficavon of Lell  Lell* |
and Lrll

mice, as Jeseribed previously (44) All anvmal studies were
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Figure 9

Ang l-induced LR11/uPAR pathway in SMCs. (A) uPAR expression in Lr1 7+~ SMCs. Membrane extracts of Lr11+* SMCs or Lr1 1+ SMCs were
incubated with or without Ang Il (1 M) in the presence or absence of sLR11 (1 pg/ul) and subjected to immuncblot analysis using anti-uPAR
(~50 kDa) antibody. Blot shown is representalive of 3 independent experiments. Data are presented as mean = 8D (n = 3). *P < 0.05. (B) Effect of
blocking the LR11/uPAR pathway on the Ang ll-dependent increase of Rac activation in rabbit SMCs. Cell lysales (60 ug protein) were incubat-
ed in the presence or absence of Ang Il (1 M) with or without valsartan (10 nM), anti-LR 11 antibody, or anti-uPAR antibody, immunoprecipitated
with PAK-1 PBD Prolein GST beads, and subjected to immunoblot analysis using anti-Rac1 (~21 kDa) antibody. Blot shown is representative of
3 Independent expenments. Data are presented as mean = SD (n = 3). (C) Effect of ARB on the Ang li-dependent increase of Rac1 activation
in Lr71-- SMCs. Cell lysate (60 ug protein) of Le17+ or Lr11* SMCs was incubated in the presence or absence of Ang Il (1 1M with or without
candesanan (10 nM) or sLR11 (1 pg/ul), immunoprecipitated with PAK-1 PBD Protein GST beads, and subjected to immunobiot analysis using
anti-Ract (-21 kDa) antibedy. Blol shown Is representative of 3 independen! expenments. Data are presented as mean = S0 (n = 3).

approved by the Special Commiteee on Ammal Wellare, School of Medi
cine, ar the Inohana Campus of Chiba Universicy.

Viseulav mpiory by ewff placement. Cufl-placement surgery was carned out
on 20-week-old male muce, as deseribed (11). After isolating che nighe femo-
ral artery from rhe surrounding tissues, a polyechylene tube (2-mm PE-90
BD) wus vpened longinudinally, lovscly placed around the artery, and
then closed wich sutures. These artenes were removed from mice afrer
4 weeks; this was followed by senal ]:\rrfus.lun with PBS({-] and with 10%
neutral buffered formalin ar 100 mmHg. The tissue was fixed i 10% neu-
tral buffered formalin overmight, dehydrated, and embedded in paraffin
The middle segment of the arrery was cur into subsenal 5-pum cross see-
vuns with an ineerval of 50 pon between them, The sections were stained
with elastica van Gieson or used for subsequent histochemical analyses.
The image analysis software WinROOF (Mitam Corp.} was used 1o mea-
sure the areas ol the intima and the media, respectively,

Laser capture microdisection. Frozen samples of cuffed artery were imme-
diarely embedded in OCT medom {Tissue-Tek; QIAGEN) and allowed 1o
equilibrate to the cryoscat weinmperature of =207 C. Eag i sample was see-
toned into 10-pm speamens. placed on shides [Arturus: Molecular Devnees),
and directly fixed in fresh 95% ethanol. After complere dehydrarion, the
shides were placed in solutons of 73% echanol for 30 seconds, Y3% echanaol
far 30 seconds, 100% ethanol for 3 seconds, and xylene for § nunuees, then
allowed ro drv. SMCs in mumal amd medval layers were caprimed for sulwe-
quent RNA expertments using a PixCell TT Laser Caprure Microdissecoion
System (Molecular Devices)

Ang 1l mfusran. The surgical procedures for connecrion to ALZET
osmotic minipumps were performed together with those for cufl place-
wiene wn Led 5 tand Leld

Ang Il aravare of 1 pg/ke per e, The arteries were removed from

mice The pumps delivered vither saline o

e dafter tweeky

Antibesdres, vevimbpant protemy, dad ARB, Mouse monoclonal (3-4-30-19-2)

amd rabibvr poelyclanal fpml 1 antbedies againse LRTT were descmbed

74z The lowrnal of Chincal Investigatinn T

previously (11). Polyclonal antibodies agamst uPAIL {AF807), NMHCII-B
(PRB-445P), integrin aV [RMV-7), GST [A-30), and (phospho-) pa4/a2
MAP kinase and (phospho-) Stacl were from R&D Systems, Covance,
BioLegend, BostonBiochem, and Cell Signaling Technology. respectively.
Manoclonal antbadies against LRPI, SMA (1A4), FAK (MAb2A7), p-Y397
afl FAK, andd innegrin avfld (MABI976) were from Research Diagnostics
Ine., Dako, Upstate Biotechnology (Millipare), BioSource (Imvarrogen), and
Chemicon (Millipore). respectively. Recombinant PDGF-BE. angiotensin [T
VEUF, and plasmin were from R&D Systems, Sigma-Aldrich, Wako, and
American Diagnostica, rcsprcuw]\- .:puE and 39-kDa RAP were from
Cosmo Bio Co. Led. Recombinanty sLR11 prorein lacking the 104 C-rer-
minal amino aods contammmg the transmembrane region (sLR1T) was
prepared as described (20), Purified sLR11 was used for experiments aca
concentration of 1 pg/ml, estimated from its biological activiry in sumu-
lating the migration of rablie SMCs. The ARBs valsartan (CGI4E935) and
candesartan (CV-11974) were obraimed from Novarris and Takeda Pharma-
ceutical Co. Led, respectively

Cells. Prmary cultures of mouse SMCs were prepared s desenbed (45)
In brief, the whole aoriae prepared from 10-week-old mice were cut inro
pieces of appromimarely | mm? after removal of advenuinial connective fis-
sue and luminal enduthelal colls, The preces were digeseed wich | mg/ml
collagenase (Nirea Gelann Inc) and 20 Ufml ¢lastase (Elasun Products
Co. I in DMEM (Sigma-Aldrich) for 30 minutes ar 37°C, and cen-
trifuged ar 2,000 g for 10 minutes ar 4°C The preapitare was resus-
pended in DMEM supplemented wich 10% FBS (GIBCO, Invitrogen] and
40 pg/ml genramyain (Schering-Plough). After 2 o L passages, cells
frani the primary cultare were used for expeniments. Pnmary culoures of
rabbie SMCs were prepared from the medial lavers of aortae ac deseribed
[ 13) and vaed at passages 3 and 4. The LRI L-overexpressing ATred celly

T4 rar cmbryonte aortie SMC hine). 1, and the conral hine €= were

blished as deseribed (13). Before augration, liochemical, and s

nologtcal assavs. cells were preincubared wirh various agents nnder the
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Figure 10

Ang ll-induced migration via the LA11/uPAR pathway in SMCs. (A) Ettect of blocking LR 11 activation on the Ang ll-induced increase of attach-
ment of rabbil SMCs. The SMCs attached lo plastic plates were counled after incubation in the presence or absence of Ang Il (1 uM) with ar with-
out valsartan (10 nM), anti-LA11 antibody, or sLR11 (1 pg/ul). Data are presented as mean = 5D (n = 3). "P < 0.05. (B) Effect of uPAR silencing

on the Ang lHnduced increase in rabbit SMCs migration. The migrated

SMCs treated with exogeneous siRNA specific for uP AR or control (Cont.)

RNA were counted afler incubation in the presence or absence of Ang Il (1 M) with or without candesarian (10 nM), Inset: Membrane exiracls
(10 pg protein) prepared from these cells were subjected to immunoblot analysis with anti-uPAR (-50 kDa) or anti-LR11 antibody (-250 kDa).
Dala are presented as mean = SD (n = 3). (C) Effect of Ang Il on the PDGF-induced migration of LA11-overexpressing SMCs. The number of
migrated A7r5 cells transfected with LR11 cDNA (R-1), or control cells (C-1) in the presence or absence of PDGF-BB {PDGF. 10 ng/ml) were
determined after incubation with or without sLR11 (1 ug/ul), Ang Il (1 pM), or valsarian (10 nM). Data are presented as mean = SD (n=10).

conditons indicared in the figure legends ar 37°C, and then ahquots of
the cell suspension were used for the experiments

RT-PCR. Toral RNA was punified from che microdissected or cultured
cells using an RNeasy kit (QIAGEN) as described (11). The methods for
RT-PCR have been described (46). The amplified products were visual-
ized after gel electrophoresis. For quantification of rranseript levels, real-
rime PCR was performed using SYBR Green PCR master mix (Applied
Brosystems). The sequences of the PCR primers were according to known
cDNA sequences: LR11, SAATGGTGTTTGGTTGAAACACACATCT-
TAG-3 and 5-TACGTGGTTTCAACTACCAGAAATGCGCTT-3' LRPI,
S-CLGAACTGTACCATTTCA-3 and 3-0GTUTTUACAACCCATTCG-
3 NMMHCII-B, 5-TGGAGGATCCCGAGAGGTATCT-3" and 5'-
GGAATCCACACCAGCTTTTTAGC-3 SM1, 5-CTCAAGAGCAAACT-
CAGGAG-3' and 3 -TCTUTUGACTTOUAGAACGAAT-3"; B-actin,
SAGAGGGAAATCGTGCGTGAC-3' and S -CAATAGTGATGACCTG-
GCCGT-3. mRNA amounts were normalized ro levels of foactin mRNA,

which served as the interal standard
Migration, invasion, attachment, and proliferation auays. Cell migranon and
invasion were measured essentially as previously described [13), using a
Yo-well mucro-Boyden chamlier, its surface eoated wich rype | collagen, and
Transwell (Conung) 24-well plares coared with 100 pl collagen gel, respecove-
ly. The lewer chamber conrainesd 1% FBS-DMEM wath or without 1) ng/ml
POGE-BB. After a 4-hour incubation at 37°C. the cells on the upper sur-
Faces were washed, fioced, and stamed by DifFQuik (International Reagents
Carp.) The number of cells thar migrated to the lower (ourer) surface of the
fileers {(hugh-power ficld) was deter mined microscopically by counting, Cell
adhesion was determuned i a 96-well plae, the surface of which was coared
with type 1 eollagen, as described (200, Afrer a Z-hour menbartion ar 374 C
nonadherent cells were remuoved by gently washing wach PBS and adherenr
cells were determined by countng. Cell proliferation was measured based
on the INcarporation ol BrdU \!urml\'_ DNA \}'n[h-‘.\ra ot ]‘.r.\J.-'..'r:mn‘\: cellx
The Jowrnal of Chinieal Investigation

using a cell proliferation ELISA syxtem (Amersham). In brief, afrer 4R-hmis
incubanion ar 37°C wichour FBS, SMCs (8.000 cells/well) were labeled with
BrdU (10 pmol/1) in the presence or ahsence af Ang 11 for 8 hours. DNA syn-
chesis was assessed by measuring the amount of BrdU incorporarion into
the DNA, which was decected Dy the above inmunoassay system

Imimunobl

g and re

preciprtation. Cultured cells were washed

3 times with PBS and harvested in PBS containing 0.5 mM PMSF and
2.5 pM leupepun. The peller after ultracentnfugation ac 100,000 g lor
1 hour was resuspended in solubilization buffer (200 mM Trs-maleare, pH
6.5, 2 mM CaCls, 0.5 mM PMSF, 2.5 pM leupeptin, and 1% Triron X-100) as
previously deserilied (11). Conditoned mediun was concentrated 20-fold
using Centnicon- 100 concentrarors (Millipore] (5). 50 ml of serum was puri-
fied using a RAP-GST affinity column. For immunoblotting, equal amouncs
of membrane protem, proten extracted from pelletad beads. or concentrated
medium were subjected to 10% SDS-PAGE after heanng to 95" for 5 mminutes
as described [47) under reducing conditions and transferred to a merocelludose
menilrane, Tnculrtions were with antilody agamse LR 1Y (S-430-19-2, 1:500
dilution; or pm11, 1:2200 dilution), LRP1 {1500 dilution) {phospho-) p44/42
MAP kunase ( 1:1000 dilution) [ph(\sphp] Seat] (1:500 dilurion), Racl (1:1000
Jilution), integrin avB3 (MAB1976, 1:1000 dilution), ur uPAR (1:300 dilu-
tion) followed by perosadase-conjugated anti-mouse, ant-rabint, or ant-goar
IgG. For immunoprecipiranion. 100 pg of membrane protemn was imied with
sLRUL (1 pg/pd) ar 47 C for 3 hours in the presence or absence of apal (30 py)
or RAP (10 pg); as indicated in Figure 6B. The LRI 1 /uPAR/integnn/antibody
complex was precipiraced by pracein A-Sepharose. The proteins were released
inea 25 ul SDS sample buffer by heating to 95°C for 5 rinutes. For imumus
nodetection, pm11 (1:200 dilunon) was used, followed by peromidase-coniu-
gated anperabibng 16 Develupment was performed wath the ECL derecnion

reagents (Amersham) The sigrals wers anaified I densitomerric scanrung

s NIH Tmnasge sofoware. The sLIT T level of each sulyeer's serum (50 1) was

determined in a blinded manner as an averaged value of 3 quannified signal
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Figure 11

Effect of the ARB candesartan on intimal thickness after artenial injury in sLA11-overproducing mice. BLE nude mice were implanted subcuta-
neously with A7r5 cells transfected with LA11 cDNA (R-1) or control cells (C-1). Sections of femoral anteries of cell-implanted mica after cuff
placement with or without administration of candesanan or anli-uPAR neulralizing antibody were subjected lo histological analysis using elastica
van Gieson (EVG) staining (A-E). Serial sections were immunohistochemically analyzed using antibody against SMA (F-J), LR11 (K-0), or
NMHCII-B {P-T). Arrowheads indicale the internal elastic layers. Scale bars. 50 um (A=J); 10 pm (K=T). (U) I'M ratio of arteries is presented as
mean = SD (n=5), *P < 0,05. (V) mRANA lavels of LR11 and NMHCII-B in injured arteries. Tolal RNA isolaled from thickened intima or media of
mice using LCM was reverse Iranscribed and subjected to real-time PCR analysis using specific primars for NMHCII-B and LR11, respectively.
The amounts of amplified products are expressed relalive 1o the amounts of f-actin transcripl, and the ratio of mANA expression levels of intima

and media are presented as mean = SD (n = 3).

intensinies resuleing from independent assays and expressed as a vatio o that RIPA buffer, respecoively GTRac | activiry was measured with a PAK-1 'Y/

of a standard serum, The immunological estmanon mdicated thar the signal - Rac acovanion assay kit (Upstare Biotechnology). In brief, hesates were incu-
| of recombi-  bated ar 4"Cwich 10 pg of PAK-1 PED Prorein GST beads for 60 minures, The

proveins were released inro 23 wl SDS sample buffer v heating 1o 95°C fn 5

of 1 U (in 30 pl serum) corresponded ro approximartely S0 ng/r
nant sLR1L For analysis of phosphorylaced ERK, Racl pull-down, and FAK
munutes, For FAK phosphorvlanion measurement after immunoprecypitation

with anlusdy against FAK (MABZAT), lysates were subjecred to eectrophone-

sis in TA% 808 gels and rransferred to momocellilose memibeanes. The mon-

phosphordanon. cells were stanved for 24 hours in 0.5% FRS-TIMEM followed
I the adliition of sSLR1T (1 |.‘.;.'n|i| for the indicated times m the presence
or alwence of anti=inregnn anabody (MABI970 or RMV-2, 122000 0ilution) s
deseribed (13), For Rac ) pull.down and FAK phosphondaron aasays, cells were branes were probed with an anclady spee tfic fur FARK-pY 397 (1:1000) and
shutferand  then reproled with an ant-FAR antibody (MADB2AT, 1:300)

lysed directly in the plates wath ice~cold magnesiumecontainming lys
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Figure 12

Proposed molecular mechanism for LR11 requirement in the response of SMCs to Ang I1. Ang Il and PDGF-
BB are the key cytokines promoting migration of SMCs in plague formation. LRP1 inhibits the PDGF-BB-
medialed signals for migration and proliferation and/or the modulation of upstream Tsp-1/TGF-f-mediated
signals (38) through interaction with the POGF- receptor, Ang Il induces the Tsp-1/TGF-{ signals (37) and
LR11 gene transcription through activating AT,A. LR11 localized on the cell surface becomes the soluble
form (as sLR11) by cleavage through TNF-a—converting enzyme (TCE) (22). Circulating sLR11 levels are
positively correlated with carotid IMT. sLR11 binds to and interacts with uPAR, the expression of which is
mainly requlated by LRP1, on the cell surface and/or on neighboring cells. This complex formation inhibits the
Internalization of UPAR via LRP1, resulting in enhanced UPAR cell-surface expression, The uPA/UPAR system
increases cell mobility through both increased ECM degradation and intracellular integrin/F AK/ERK/Rac-1
signaling, which in turn promotes actin ruffling and myosin isoform swilching. The SMCs expressing LR11
display increased migratory capacity in response o PDGF-BB and/or Ang Il Thus, LR11 in combination with
its counteracting partner LRP1 regulates the migration of intimal SMCs in injured arteries and atherosclerotic
plaques via modulation of the uPA/UPAR system. The proposed LR11-mediated migration of intimal SMCs
may be madulated by other Ang ll<induced molecules and cytokines, particularly endothelial cell-derived
PAI-1 (48). ARBSs inhibit (a) the migration of intimal SMCs through downregulation of LR11 and (b) their pro-
literation by blockade of signals mediated by Tsp-1/TGF-{i and PDGF-BB.

paraformaldehyde in PBS at
47C for 15 minutes. as described
[11), F-actin was labeled using
Alexa Fluor 488 phalloidin {1:40
dilunion, A12379; Invitrogen)
for measurement of ruffle for-
manion, Shides were examined
with a Zeiss LSMS PASCAL
confocal laser scanning micro-
scope. The 488-nm line of the
argon laser was used for exci-
tation of Alexa Fluor 488. The
number of cells with membrane
ruffling were counred with 500
cells in the field
sLR11-averproducing mouie
model. R-1 and C-1 cells were
grown to near confluence,
trypsimized, and suspended in
DMEM with 10% FBS. Afrer
eentrifuganion, cell pf]lrr‘ were
resuspended in PRS. Eight-
week-old ICR nude mice were
tnjecred subcuraneously wich
either | = 107 R-1 cells or C-1
cells. The injeceion chrough
21-gauge needles into subcura-
neous arcas of nude mice was
performed under anesthesia,
as described (23). The surgical
operations for cuff placement
and connection to a supply
osmotic minipump for cande-
sartan (0.1 myg/fkg/day) followed
4 weeks afrer cell implantations.
Polyclonal anribodies against

Transfection of SMCs with siRNA. Oligonucleotides were synthesized for
sIRNA (Takara Bio Inc), Anmealed sense and antisense oligonucleotides
{25 nM each), ¥-UGGCUUCCAAUGUUACAGCTT-3 and §.GCUGUAA-
CAUUGGAAGUCATT-3' corresponding to the uPAR sequence, or §-GAUGC-
CAUCUGUAGUCACUTT-3" and 3-AGUGACUACAGALUGLLAUCTT-3
for conerol were cransfected into SMCs (1 x 100 cells/ 100 mm dish) and meu.
hated for 2 days as desenibed [14). Cells were then used For EXPErIMents

Fvmuenubistchensisny. Serial parafMin-embedded sections (5 pm) were used
for immunohistostaining as described (11). Deparaffimzed secrions were
precreated with 0.3% H,O» ro inactivare endogenous peraxidase. Slides were
stained in the presence of 36 BSA wath antibody agamst LT (pm11, 1:50
dilunion), NMHCILB {1100 dilution), or SMA (1:1 dilution) ar 23*C for
1 hour followed In HRP-compugared anri-rabbar IgG secondary antibodies
(Malecular Probes) ar 1200 dilunon, The slides were counterstamed with
hematoxylin. Contrals with nonmmune rablnt 1gG were conduered m par-
allel wirh each mnmunoassay procedure

Impmunnflnpreseence. Cells were grown to 70% contluence an LabTek
chamber shides (Mune). For assays of membrane ruffling, cells were
premcubared with PRDGE-BR (10 ng/ml), Ang 1T {1 pM], sLRI1T
{1 u_c,_-'mij anti=LR 11 anrdandy (pm 11, 15 dilurion). angi-ul'AR anr-
bedy 110 pg/mi). ant-miegrn avfld annbody (10 pg/ml), or PRY98039
(10 pM; Callwochem) tor the indicated times. Cells were fised in 4%
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uPAR (1:500 dilution) or against
GST (conerol, 1:200 dilution) in
PBS were injected intraperitoneally, in each case 2-3 days afrer cuff rear-
ment ol me mpecred with R-1 cells. Blood samples were colleceed fur
the immunodetection of sSLR11. Six weeks after cell implantarion, the
femoral arteries were recovered for immunchistological analyses
Statistics, Stanistical analysis was performed with SPS5 version 13.0
(SPSS Japan Inc.). Associations of IMT or sLRIT levels with risk fac-
tors were examined by Pearson correlation analysis for continuous varn-
alles and by unpaired 1 test for categoncal vanables beiween groups
(sex and smoking) (see Supplemental Table 2). Subsequently, muluple
linear regression analyses were used to calculare the ORs for the IMT
For Table | (a) by controlling for age. blood pressure, and HOL-C, which
are sigmficantly correlated wich IMT. wach P < 0.001 by above analyses
(model 1) and (b) Iy addivionally conrrolling for all risk Facrors (age. sex,
BMI, bloed pressure. simoking, LDL-C, 11DL-C, wriglycerides, LDL size,
malondialdehyde-LDL, glucose, and insulin} used for the above analy-
ses (model 2). Finally. the ORs were calculared for the IMT wich raised
baseline sLR 11 (second, third, and fourth quarciles) compared with low
baseline sLR11 (lowesr quartile) by conrrolling for age. In the figures,
rhe resules are shown as mean £ SD for cach index. 1-wav ANOVA was
wsed to compare between 2 groups, and Duncan’s mulniple-range test
was waed for comparson of muliiple groups. A value of P < (.05 was
consdered significant
Nyl ¥ 7as
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Matrix Metalloproteinase-3 Enhances the
Free Fatty Acids-Induced VEGF Expression
in Adipocytes Through Toll-Like Receptor 2
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Infiltrated macrophages (M) are belleved to cause pathological
changes in the surrounding adipocytes through the secretion of
active molecules in vi I fat. Matrix metalloprotei (MMP)-
3 Is secreted from Mé, and enhances expression of the
inflammatory cytokines through the activation of toll-like
receptor (TLR) 2. Visceral adipocytes express high levels of
vascular endothelial growth factor (VEGF), and the degree of
visceral fat accumulation is assoclated with the plasma VEGF
concentration in obese subjects. The aim of the study is to
clarify the role of MMP-3 in the enhancement of the free fatty
acids (FFAs)induced VEGF expression through TLR2 in
visceral adipocytes. One mM FFAs induced VEGF mRNA and
protein expression in 3T3-L1 adipocytes. The FFAs-induced
VEGF expression was mostly mediated by TLR2. A high fat
intake increased the VEGF mRNA expression in visceral fat and

the VEGF ation in pl " panied with the
increase in the pl FFAs concer in mice. These
increases were largely inhibited in TLR2-deficient mice. The
FFAs-induced VEGF expression was ir d in the pr

of Mé-conditioned medium (CM) in adipocytes, and the

h t was inhibited by a MMP-3 inhibitor or a neutraliz-
ing antibody against MMP-3, The active form of MMP-3 induced
the VEGF mRNA expression, as well as TLR2, in adipocytes. The
increase in the VEGF expression by MMP-3 was inhibited by the
treatment with siRNA for TLR2. The enhancement of FFAs-
induced TLR2 expression by Md-CM was inhibited by blocking
of the MMP-3. The increase in the VEGF mRNA expression by
M¢-CM or MMP-3 was partially inhibited by a npeutralizing
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antibody against TNF-z, These results indicate that MMP-3 in
M¢-CM enhances the FFAs-induced VEGF expression in
adipocytes through the increase in the TLR2 expression. The
MMP-3 secreted from the infiltrated M$ may be a regulator of the
VEGF expression in visceral adipocytes. Exp Biol Med 233:1213-
1221, 2008

Key words: matrix metalloproteinase-3; toll-like recepltor 2,
macrophage; vascular endothelial growth factor; adipocyte;

visceral lal

Introduction

Adipocyles secrete o wide variely of cylokines, and
some cause metabolic disturhance through the development
of insulin resistance (1-3). The expression of toll-like
receptor (TLR) 2 gene is associated with the gene
expression of TNF-z (4), one of the cytokines that causes
an inhibition of insulin signals in fat, muscle and liver (1-3,
5). High fat feeding leads to an increased population of
TLR2/TNF-2 co-expressing adipocytes in visceral fat, but
not in subcutaneous fat in mice (4). A microarray analysis
revealed that the accumulated visceral fat is accompanied
with drastic changes in expression of matrix metalloprotei-
nase (MMP) lfamily genes, among which MMP-3 potenti-
ated free fatty acids (FFAs)-induced TNF-a secretion from
adipocytes (6). Infiltrated macrophage (Md) has a potential
for a pathological link with surrounding adipocytes through
the secretion of MMP-3 followed by TNF-x expression in
adipocytes in visceral fun tissue (7).

Vascular endotheliul growth factor (VEGF) is abun-
dantly secreted from adipocytes, and it plays a key role in
the process of fat tissue formation through the regulation of
angiogenesis in the tissues (8). The inhibition of angio-
renesis leads 1o a decreased volume of developing far tissue
or far grafting after trnsplantation in mice (9. 10), VEGF is
highly expressed in visceral [, and the circulating VEGF
concentration is posttively comelated with visceral fat
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volume in pbese mice (11). These observations suggest thal
the TLR2 expression in adipocytes is related 1o the
expression of VEGF as well as TNF-a. In (his context. the
tight association between visceral fat accumulation and the
plasma VEGF level is in fact observed in obese human
subjects (12), However, the mechanism for the induction of
VEGF expression in visceral fat has not been elucidated.

FFAs have been shown to activate the downstream
signals of TLR2 (13, 14). The aim of this study was to
clanify the role of MMP-3 in the enhancement of the FFAs-
induced VEGF expression through TLR2 in visceral
adipocytes. The significance of TLR2 for the FFAs-induced
VEGF expression was at first analyzed in cultured
adipocytes and the visceral fat of TLR2-deficient mice.
Next, the possible pathological role of the MMP-3 secreted
from M¢ in the FFAs-induced VEGF expression through
TLR2 was assessed in a culture system using conditioned
medium (CM) of Mdy.

Materials and Methods

Adipocyte Culture. 3T3-L1 preadipocytes (Ameri-
can Type Culure Collection, Rockville, MD) were cultured
in high-glucose DMEM (DMEM-H, GibcoBRL, Tokyo,
Japan) supplemented with 10% FBS (Sigma, St. Louis, MO)
and antibiotics. After the 3T3-L1 preadipocytes were grown
to near confluence, the differentiation to mature adipocytes
was performed using insulin (Sigma), dexamethasone
(Sigma), and 3-isobutyl-1-methyl-xanthine (Sigma). as
described previously (7). A vast majority of cells (—90%)
had accumulated lipid droplets between 10-14 days after
differentiation and were used for further experiments.

Cell Treatment with FFAs. The treatment of 3T3-
L1 cells with FFAs was performed essentially according Lo
the method previously described (15). After overnight
incubation in serum-free DMEM-H supplemented with
0.1% FFAs-free BSA, the cells were treated in serum-free
DMEM-H supplemented with ().1% FFAs-free BSA with 1
mM FFAs (a cocktail containing 0.5 mM palmitic acid and
0.5 mM myristic acid, Sigma) for indicated times, and then
incubated in serum-free DMEM-H supplemented with 0.1%
FFAs-free BSA with 1 mM FFAs in the presence or absence
of | pg/ml zymosan A (Wako, Tokyo, Japan), 10 pg/ml
peptidoglycan (PGN, Invitrogen, Tokyo, Japan), or 100 pg/
ml active form of MMP-3 purified from human fibroblasts
(Sigma), a neutralizing antibody against TNF-u (15) (R&D
Sysiems, Minncapolis, MN) or non-immune 1gG (R&D
Systems) for indicated times. The composition rutio of
FFAs/BSA in the medium corresponds to 6:1 for the first
incubation medium.

Quantitative Real-Time Reverse Transcriptase-
Polymerase Chain Relation (RT-PCR). Toal RNA
was extracted from fat tissue or 3T3-L1 adipocytes using
RNeasy Mini kit (QIAGEN, Valencia, CA). and was reverse
transcribed using the GencAmp Gold RNA PCR Reagent
kit (PE Applied Biosystems, Foster City, CA) us described
previously (7). Quantitative RT-PCR amplifications were
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performed usmyg TayMan Umiversal PCR Master Mix and
Assay-on-Demand Gene expression Assay Mix specific for
mouse VEGF A (Mm000437304_m1) or TLR2
(Mm00442346_m1) mRNA. All PCRs were performed in
an ABI PRISM 7500 sequence detection system (PE
Applied Biosysiems).

Enzyme-Linked Immunosorbent Assay (ELI-
SA). The VEGF concentration of plasma or cell culture
medium was measured using a Quantikine Mouse VEGF
Immunoassay kit (R&D Systems).

siRNA Knockdown Treatment. 3T3-L| adipocytes
or THP-1-derived Md were transfected either with 5 nmol
siRNA for TLR2 (QIAGEN) or MMP-3 (Invitrogen), or
Allstars Negauve Control (QTAGEN) siRNA by electro-
poration as described previously (7). The cells were
reseeded after electroporation, and incubated with DMEM-
H comaining 10% FBS for two days. After ovemight
incubation in serum-free DMEM-H supplemenied with
0.1% FFA-free BSA, the siRNA-treated 3T3-L1 adipocytes
were incubated in serum-free DMEM-H supplemented with
0.1% FFA-free BSA and | mM FFAs for 6 h. The CM of
the siRNA-ireated M was prepared by the incubation for
the following 24 h.

Mice. TLR2™™ mice were kindly provided by Dr.
Shizuo Akira (Osaka University) (16). Briefly, mouse TLR2
gene was disrupted by introducing a targeted mutation into
El4.1 embryonic stem cells. A targeting veclor was
designed to replace a pant of the exon that encodes the
transmembrane und the cytoplusmic domain of TLR2 with
the neo gene. ES cell lines containing a mutant TLR2 allele
were microinjected into CSTBL/6 blastocysts. Heterozygous
mice were intercrossed to produce TLR2™™ mice and
TLR2"* mice. The TLR2™" mice grew healthy and did not
show any obvious ubnormality until 20 weeks. TLR2
mRNA could not be derected in either the mesenteric or
subcutaneous fat tissue of the TLR2™ mice. From five
weeks of age. female TLR2'" and TLR2™" mice were
given either a regular (D12450B, Research Diet, New
Brunswick, NJ, sce Table 1) or a high fat diet (D12492).

Preparation of M$-CM. The preparation of M§-CM
was performed essentially as described (7). The human
monocytic cell line THP-1 (American Type Culture
Collection) was culiured im RPMT 1640 supplemented with
l-glutamine (GibcoBRL) and antibiotics and 10% FBS. To
allow the monocytes to differentiate into adherent macro-
phages, THP-1 cells were washed in PBS (calcium- and
magnesium-free, GibcoBRL, medium A) and re-suspended
m fresh medium A containing 50 ng/ml phorbol 12-
myristate—1 3-acetate (PMA, Sigma) for 3 days (at day 0).
The cells were incubated for 3 more days in DMEM
supplemented with 29 BSA, and then at day 4. the cells
were treated for the CM preparation for 24 h. Control CM
wis prepared by meubaung the THP-1 cells without the
differentiation treatment (THP1-CM).

Treatment of Adipocytes with Md¢-CM. Aficr
trestment in serum-free DMEM-H supplemenied with
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Table 1. Contents of Regular and High Fat Dieis
Regular diet (D12450B) High fat diet (D12492)

Q% keal % a% kcal %
Protein 19.2 20 26.2 20
Carbohydrate 67.3 70 26.3 20
Fat 43 10 349 60
Total 100 100

kcallg 3.85 5.24

g keal g keal
Casein, B0 mesh 200 B00 200 800
L-Cystine 3 12 3 12
Com starch 315 1260 0 0
Maltodextrin 10 35 140 125 500

Sucrase 350 1400 68.8 275.2
Cellulose, BW200 50 0 50 0
Soybean oil 25 225 25 225
Lard 20 180 245 2205
Mineral mix 510026 10 0 10 0
DiCalcium phosphate 13 0 13 0
Calcium carbonate 5.5 0 55 0
Potassium citrate, 1 H20 16.5 0 16.5 0
Vitamin mix V10001 10 40 10 40
Choline bitartrate 2 0 2 0
Total 1055.05 4057 773.85 4075

0.1% FFA-free BSA and | mM FFAs for 6 h, 3T3.L1
adipocytes were incubated in serum-free DMEM-H supple-
mented with 0.1% FFA-free BSA and | mM FFAs with
Mb-CM or THP1-CM at 10% of the final volume, or the
active form of MMP-3 for the indicated time periods. M-
CM or THP1-CM was treated with an MMP-3 inhibitor,
NNGH (N-isobutyl-N-(4-methoxyphenylsulfonyl)-glycyl-
hydroxamic acid; Calbiochem, San Diego, CA) (17, 1R).
goat anti-MMP-3 polyclonal antibody (Santa Cruz, Sant
Cruz, CA) or non-immune goat leG (Santa Cruz) for 12 h,
prior to the addition 1o adipocytes.

Statistical Analyses. The results are presented as
the mean £ SD. Statistical significance between two groups
was evaluated by Student’s r-test. Statistical significance
among several groups was performed using a one-way
ANOVA. A value of P < 0.05 was considered to be
significant.

Results

FFAs-Induced VEGF mRNA Expression Is
Mediated by TLR2 in 3T3-L1 Adipocytes. FFAs
induce the TNF-u expression through the increased TLR2
expression in adipocytes (4). The effect of FFAs on the
expression of VEGF mRNA through TLR2 was analyzed in
3T3-L1 adipocytes. The VEGF mRNA expression levels
were increased time-dependently in the presence of | mM
FFAs (a cocktail containing 0.5 mM palmitic acid and 0.5
mM mynsiic acid) (Fig. 1A). The VEGF concentration in
the medium for 72 hr after incubation of 3T3-L1 adipocytes
in the presence of | mM FFAs was sigmificantly higher than
that in the absence of FFAs (Fig. 1B). Zymosan A, a TLR2

ligand that induces the TNF-a mRNA expression in 3T3-LI
adipocytes (4, 19), showed the efflect additive to the
treatment with FFAs on the increase in the VEGF mRNA
expression in the cells (Fig, 1C). Furthermore, the VEGF
mRNA expression was increased to 1.8-fold by 10 g/ml
peptidoglycan (PGN), another TLR2 ligand (19). in
comparison to that without the addition in the cells
incubated with FFAs (data not shown). The FFAs-induced
increase in the VEGF mRNA expression level was mostly
abolished 1n the adipocytes transfected with TLR2-specific
siRNA in comparison to that in the cells transfected with
control sSIRNA (Fig. 1D). These results indicate that FFAs-
induced VEGF mRNA expression is most likely mediated
by TLR2 in 3T3-L1 adipocytes.

A High Fat Intake Increases the VEGF mRNA
Expression in Visceral Fat, Accompanied with
an Increase in Plasma VEGF Concentration in
TLR2*"* Mice, but Not in TLR2™/~ Mice. The above
observations for the FFAs-induced VEGF expression
through TLR2 in cultured adipocytes suggest that a high
fat intuke may induce the VEGF mRNA expression through
the FFAs-mediated TLR2 expression in fat tissues, The
expression levels of VEGF mRNA in the far tissues of
TLR2" mice and TLR2 ™ mice were investigated after fat
feeding for six weeks. Plasma FFAs levels were signifi-
cantly increased in the high fai-fed TLR2' mice in
comparison Lo those in the regular diet-fed TLR2™" mice,
and were not sigmficuntly different from the high fat-fed
TLR2™ mice (Fig. 2A). The expression levels of VEGF
mRNA in mesenteric tar were significantly inereased in the
high fat-fed TLR2'"" mice in comparison to those in regular
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Figure 1. The effect of FFAs with zymosan A or TLA2 knockdown on the VEGF expression in 3T3-L1 adipocytes. (A) Total RNA was extracled
Irom adipocytes alter incubation with 1 mM FFAs (a cocktall of 0.5 mM palmitic acid and 0.5 mM mynstic acid) for indicated lime. The VEGF
mANA level was evaluated by quantitative real-time RT-PCR. mRNA levels were calculated as the fold increase of the control at O h. The bars
represent the mean = SD (n=23). * P < 0.05. (B) Conditioned media were collected alter incubation of adipocytes with 1 mM FFAs for 72 h, The
VEGF concentration was measured using ELISA, and then presented by the correclion with the incubated cell number The cell appearance
was nol changed after the incubation with FFAs, and no significant diterence was observed in the cell counts between the adipocytes incubated
with and withoul FFAs. The bars represent the mean = SD (n=3). * P < 0.05. (C) Adipocytes were incubated with or without 1 mM FFAstoréh
and then with or withaut 1 mM FFAs in the presence or absence of 1 pg/ml 2Zymosan A for 6 h. Tolal ANA was extracted from adipocytes, and
the VEGF mRNA level was evaluated by quantitative real-time RT-PCR. The mRNA levels were calculated as the fold increase of the control in
the absence of FFAs or zymosan A. The bars represent the mean = SD (n= 3),* P< 0 D} Adipocyte e translected aither with TLA2-
specific siANA or control siRNA. Total RNA was extracted from the adipocytes atter incu 1 with or withe mM FFA tor 6 h. The mRNA
levels were calculated as the lold increase of those of cells transfected with control siIRNA without the FFA reatment. The bars represent the
mean = SD (n=5). * P < 0.05




