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ABSTRACT

Background and Objectives : Adenosine diphosphate (ADP), which is usually secreted from activated platelets,
may activate integrins on vascular smooth muscle cells, resulting in adhesion and proliferation. Integrins, media-
ting the ADP-stimulated adhesion and proliferation of vascular smooth muscle cells, was investigated in this
study. Materials and Methods : Prothrombin (PT) and bone sialoprotein (BSP) were used as activation-dependent
ligands in an adhesion assay. The adhesion of human aortic smooth muscle cells (HASMC) were measured after
ADP stimulation, using ligand-coated 24-well plates. The 3-[4, 5-dimethylthiazol-2-y1]-2, 5-diphenyltetrazolium
bromide (MTT) assay was used to evaluate the ADP-stimulated proliferation of the HASMC. Results : ADP
activated the HASMC to increase their adhesion to the PT or BSP, and their proliferation in a dose-dependent
manner. The adhesion of the ADP-stimulated HASMC to the PT was completely blocked by PSH9, a blocking
monoclonal Ab (mAb) to integrin a,B5 (92% inhibition), but was only slightly inhibited by LM609, a blocking
mAb to integrin a,3; (30% inhibition). The adhesion of the ADP-stimulated HASMC to the BSP was partially
inhibited by both PSH9 (46% inhibition) and JBSS5, a blocking mAb to integrin as{3, (75% inhibition), but was
not affected by c7E3, a blocking mAb to integrin [3;. The ADP-stimulated proliferation of the HASMC was inhi-
bited by both ¢7E3 and LM609 (98% and 93% inhibition, respectively), but not by either P1F5, a blocking mAb
to integrin a,Bs or JBS5. Conclusion : These results indicate the different roles of integrins on vascular smooth
muscle cells after ADP stimulation ; the integrins a,[3s and as83; for adhesion, and the integrin a,[3; for proli-
feration. (Korean Circulation J 2003:33(5):409-419)
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oLt &0 A|EllA] Eh|Eo] A X = F
A Z74e)9] integrin amBzE SHAAA B2 3H
ALY #zell ADPE AR FehAlEe] 48R in-
tegrin a.B35 E43IAZA 4 A°9 prothombins
integrin a,33°] @33} 2 BRI (ligand) 2Fal KL
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ADP, adenosine triphosphate (ATP), DMSO, PMA,
MTT((3— [4,5—dimethylthiazol—2—y1] —2,5—diphen-
yltetrazolium bromide) &< Sigma*HSt. Louis, MO,
USA) 94, bovine serum albumin(BSA)- Calbio-
chemAF(La Jolla, CA, USA) ol Z+7+ #13k3ich

Human prothrombing Enzyme ResearchAHSouth

Bend, IN, USA), humanized monoclonal antibody
(mAb) Q1 c7E3+= CentocorAtMalvern, PA, USA),
avB3—specific mAbQl LM609, ayB5—specific mAb?1
P1F5, asBi—specific mAb?l JBS5% ChemiconAt
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(Temecula, CA, USA), 83d42A1R1 Calcein AM
Molecular ProbesAHEugene, OR, USA)elX 242t
TRy FEflek® (bone  sialoprotein @ BSP) ¥}
ayBs—specific mAbQl P5SH9S 22} Dr. Tatiana By-
zova(Cleveland Clinic Foundation, Cleveland, OH,
USA) ¢} Dr. Elizabeth Wayner (Fred Hutchinson Can-
cer Research Center, Seattle, WA, USA) 25FF| A

et

M i

Al 559 824 3 (human aortic smooth mus-
cle cell : HASMO) += Dr. Paul DiCorleto(Cleveland
Clinic Foundation, Cleveland, OH, USA) 7} dxujoF
ato] Algal FoAek Al N o2 10% FBS (fetal
bovine serum ; A|YAHFEAR A, i) o] H7kE
DMEM/F12 (A48 384 R| %) & AR8-8lo], CoStar
AHCambridge, MA, USA) ] 75 em” =7]9] Zakx
g ZeAT viEE 90% J% 95 w7kA] HASMCS
RIEA A=

B2 3 (Adhesion assay)

HASMCS- phosphate buffered saline (PBS) & 3
3] AR T 0.01%2 EDTAS 73 0.25 mg/mL
9] trypsin(CloneticsAF, San Diego, CA, USA) &
gty AEE 33}, trypsin neutralizing solution
(Clonetics b & 7FsISIth Al F-/-94E5 SA] 500
xgoA 107 A4l Belet ¥, 0.5% BSAE et
DMEM/F12¢] 10" cells/mLe] %2 A1 2T,
24—well plate(CostarAh & 22t welldl] $5-8-
(50 mM NaHCOs, 150 mM NaCl, pH 8.0) ¢l =} 31
& prothrombin 10 pg 2> ZEFAE 0.5 pg¥ 4
0, 4°CollA vl AEetadct o] 5 PBSE 13] Alast
T 717e] wellell 2% BSAE Wil 37°CellA 1AIRE A
2318l Calcein AM 50 pgs 10 pl& DMSO® =
el & PBS 500 pLE #7lsle] 3XA1H o] Cal-
cein AM £ F 200 uLE 107/mL2] =] AE ¥
T4 1 mLo} &3st & 37°CollA 2087t wiekst,
0.5% BSAZ} $l&= DMEM/F125 ARgslo] 5x10°
cells/mLo FEZ BAAFATE AE F-flof CaCly
1 mME #718F & PMA 200 nMe)u tefst 559
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ADP &2 ATPE AXE ASAZ L A8H 52 o
Az FAG G795 SHE v AR AZE A
8l7] A 10483 A7 w2 Mg} wESAIHTE )
¥ 24—well plate®] Z}2}e] wellel] M2 F-F-<8 300
LA ¥5=351aL 37°C9) incubatorel] ¥ITE 30~50%
Sof| FE MEE EYEvEoR #Ed § Flu-
orescence Multi—Well Plate Reader (Perceptive Bio-
systems, Framingham, MA, USA) & A=slic) 2
7] well®] S74A]olx] FRIAE A=HA] o Ml
g2} BSAC FatE AXES] FFAE WA A=
2 Z7HE ARTEISITE theksl s%=9] ADPY ATP
2 MEE A=3 5 prothrombinl] F-2Hg A9 &
F2) vnE YsiM, PMAR =g AlE9 H3E
100%% ato] tZAIZ Aske) SEeid s eite
Z ARESE Hf-olli= ADPY ATP 100 pMZ A=-8
AIZEE] FEAE 100%=E 8to] tlZx= Aotct. Ag
Al -8 AEFEA L) 535 5748 vj= ADP 100
WME 2= AIES] FFHE 100%2 8t A2

ek

MTT assay

MTT assayE AREst] AEAES kS S48
o A geella] 714 o AES £ 5
Al Ffrolls SA] 500 X gollA] 1083 94 Eelskar
10% FBSZ 3H4-8F DMEM/F12¢] 5x10" cells/mL
9 FEE AYR-FAIFTE 96—well plate (CoStarAp 2
Z}7}9] wellell MIE F-f-91 200 uL (10" cells) ¥ ¥
37°CeA 197 wiFsioitt ©]%- 0.1%2] FBSRE 3
8 DMEM/F12& 147t afjekste] Al S48 A
A & ekt 559 ADP &2 ATPS} 0.1% FBS7}F
23k DMEM/F122 wjesigich 272 o= &
2 8709] wellE #l8Iolch 297t Hiekst & MTT
assay = Alasisict ZF23e] wellell 2.5 mg/mL2] MTT
NS 10 pLA H7kekar 37°CelA 4A1ZE wlekssich
A glo] HijokTt Q= well S 24 UIXTOE 19
o} 4XZE B T 2 welleld 150 plo] A5 %
AxeA AAAL 0.04 M HCI 100 pLE 2zt wellel
A7l EAE formazan WAAES 74 fNoE &

AFTE BE AFo] me 7S gR1d T microplate

reader (EMax, Molecular DevicesAl, Sunnyvale, CA,

USA)E o]835}o] 595 nmollA] &% (optical density)

= =439tk 10% FBS7) 8H-9 njjokol
well9] A F4E o txA=E siich 27
o] =420 ADPY ATPE A=akA] & A9
2422 w1 10% FBSE wj9kAT] well®] ZA2] 2
Lol A 524 ARE ARSI w27 34
9] 3= =4 wj= ADPY ATP 100 uM& A=
A ZAAE 100%E sto] thxx|Z Ak,

o=

Ha Aol 7edt o R AEE A% F A
500 % gollAl 1083 94 #&8kaL 10%
st DMEM/F12¢] 4x10" cells/mL2] &
=2 APF-FAIALE 24—well plate] Z4zFe] welloll Al
X B 500 pL(2x 10" cells)® Wit 37°CoA 1
A7F wiksISIT) o] 0.1%2] FBSR ¥ DMEM/
F12% 17} wjekato] Al 22415 A=|A7] 3 ADP
=& ATP7} %3kl DMEM/F122 wjjeksiict Tryp-
sin® & Agale] 22H] wello] NS 548 5 0.4%
trypan blue solution® 2 GA3} AE A|ETE he-

mocytometer 2 =743t}

o9
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»n
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:(S o
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SMIEEN(Flow cytometry)

2 QeollA] 7)we o R AXEE RS A
3 RS 500X golA 1027F 94 w28kl 0.5%
BSAZ &8 DMEM/F12¢] 10° cells/mL 8] F%=
APF-AIZL 2 500 ple] ME F-F-8 LM609 (10
pg/mL), P1IF5(10 pg/mL), JBS5(10 pg/mL) £+ 4T
of| A 1AIZE RESAIZLE 27k PBSE HIEE 33 Al
Zgt & FITC—conjugated goat anti—mouse IgG%}
4CollA 303F vekslSlch. thAl A7k PBSE M2
£ 33] A&t 3 PBS 500 pLell AlEE AR
FAEEAofl= FACScan instrument (BD Bioscien-
ces, San Jose, CA, USA) ¢} CellQuest software pro-
gram(ver 1.2)& ARE3IQlth @AET A9} HHGA]
717 92 NS 24 2T o R SIStk AlE B
LAz integrin®] 5 Hlwsky] S8 Ht FFZF

(mean fluorescent intensity) & A8t

offl

1 2N
BE A 3 g i exE BAERlth ok
gk 552 ADPS} ATPel| JsliA] A=% HASMCS®]
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prothrombin F2+& &4 Ael] F23} vwsla ADP
9} ATP2] HASMC 52 adel @AlEs FA 52
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Fig. 1. ADP and ATP increased adhesion of human aortic
smooth muscle cells to prothrombin in a dose-depend-
ent manner. PMA-induced adhesion to prothrombin at
the concentration of 200 nM was assigned a value of
100% and increases in %adhesion were calculated. The
data shown are means and SEM. * : p<0.05 vs no stimu-
lated cells, ADP : adenosine diphosphate, ATP : adeno-
sine triphosphate.
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ADP A ¥ prothrombin 2 SE[ATHHO] HAE St
ToaNE

ADPY ATP 557} 57V8= prothrombin®l] &
Zw]= HASMCo] Al Z7kske] 100 pMellA H =]

o =Rtk (Fig. 1). Wt FEflchie] Faky=
HASMCXE ADPS} ATPO] %ol nl#ste] F716t3)
H(Fig. 2).

ADP A2 ¥ HASMCS 34 51t

ADP2] 5%°] vl#laix] MTT assay® S35t A
A7} Z2F F7Fste] 1000 pMellx] FHoixlel] =g
Ath(Fig. 3A). ATPR A=3le Wk w57t 571
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Fig. 2. ADP and ATP increased adhesion of human aortic
smooth muscle cells to bone sialoprotein in a dose-de-
pendent manner. ADP- or ATP-induced adhesion to bone
sialoprotein at the concentration of 100 uM was assig-
ned a value of 100% and increases in %adhesion were
calculated. The data shown are means and SEM of tripli-
cates in one experiment and are representative of three
separate experiments.
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Fig. 3. MTT assay of ADP-stimulated proliferation of human
aortic smooth muscle cells. ADP (A) and ATP (B) increa-
sed the proliferation in a dose-dependent manner. The
value of no stimulated cells was subtracted and the
proliferation by 10% FBS was assigned a value of 100%.
The data shown are means and SEM in one experiment
and are representative of three separate experiments.
* 1 p<0.05 vs no stimulated cells.
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Fig. 4. Cell proliferation assay by trypan blue staining.
ADP and ATP 100 uM increased the proliferations of
human aortfic smooth muscle cells by 3 and 2.4 fimes,
respectively. The data shown are means and SEM of
friplicates in one experiment and are representative of
three separate experiments, ADP : adenosine diphosph-
ate, ATP : adeno-sine triphosphate.

= AENES7E A S7RsIsled 100 uMellA] FH
2ol TE5 3 1000 pMeolE H4ste] ATPE A
=olA] k& Ak Aozt §lSItHFig. 3B). Trypan
blueZ FA3 T2 AES2] Z4elA ADP 100 uM
S H7Fe o oF 34, ATP 100 uM2 3718S of
ok 2.4 AIE =2 537} JATHFig. 4).

HASMC®ll 2X3t= integrin® 35

HASMC?®] A2 olA integrin asfi CH+F 8%
ZF 149)0] 7P¢ Wol AL, integrin a3 (Bt
g 27) 7} 7P A0k Integrin a.Bs G333

57) &= g3+ E3¥o] Al (Fig. 5).

ADPll 2[e Zetzl= integrin

HASMCeIA ADPel &Jalix] E43s]= integring
dolry] YaiA AEZS integrinl] thdt A2 A
2|3t 5 prothrombin¥} FEfAHMo] T3k -2 Ak
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Fig. 5. Expression of integrins on human aortic smooth muscle cells. They contained much more integrin asBi (mean
fluorescence intensity 149) than avBs (mean fluorescence intensity 27) or avB8s (mean fluorescence intensity 57).
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313tk ADP 100 uMZ #}=% HASMC®] prothrom-
binel] thgt F-22 integrin Bzoll Tk 2P@FAIR] ¢7E3
of eJaix] ofA|E]A] 2Fkem, integrin avBzell thHaiA
C7E3RT 1 Boldl Pkl LM609(20 pg/mL)
o 9JaliA 30% AAN=ATHFig. 6). 12t BREg]
RGD 935 212431 integrine H|E©o|H o7 A¢ts}
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Fig. 6. Integrins that mediated ADP-stimulated adhesion
of human aortic smooth muscle cells (HASMC) to pro-
thombin or bone sialoprotein. Adhesion in the presence
of 100 uM ADP without inhibitors (open bars) was assi-
gned a value of 100%. A blocking monoclonal antibody
(mAb) against integrin Bs, c7E3, did not inhibit ADP-
stimulated adhesion of HASMC to prothrombin nor bone
sialoprotein. cRGD inhibited ADP-stimulated adhesion of
HASMC to both ligands nearly completely. Although
LMé09?, a blocking mAb against integrin av8s, decreased
ADP-stimulated adhesion of HASMC to prothrombin by
30%, P5H9, a blocking mAb against integrin av@s, bloc-
ked the adhesion by 92%. Adhesion of HASMC to bone
sialoprotein was partially inhibited by P5H? or JBS5, a bl-
ocking mAb against integrin aspi. The data shown are
means and SEM of triplicates in one experiment and are
representative of three separate experiments.

®_GSla

Fig. 7. ADP-stimulated adhesion of human aortic smooth muscle cells o prothrombin. ADP (adenosine diphosphate)
activated integrin av3s to increase the adhesion (A), and it was prevented by P5H? (B) . Original magnification X 200.
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£ cRGD0 pM) el 2JaliA 97% AE|o1A integrin
ayBs ©19]9] T integrin®] HASMCY prothrombin
F2o|| Fosit= A8 ARSI Integrin avBsell
st zpck ARl PSHI O R A2 $h Fofli= 92% A|H]
o](Fig. 6, 7), AF=%¥ HASMCS] pro-thrombin -2}ef|
integrin a,Bs7F ¥ 9GS I3ty HASMCY] =€}
ochlof tfgt B2 prothrombinel] tidt F-2Ha} th
OFS H3ith ADP 100 yME 2=% HASMCS]
Efelchillol] that B2 cTE39] 2JaiA A=A o
ko, P5SHOO 2l 46% A=At (Fig. 6). 18]
U cRGD(10 g€ el 2J8liA 93% #1=©], integrin
avB32k avfBs ©1921¢] E UhE integrin®] HASMCS] =
Epoliha Jpate] fhofhs obAlsIGITh Aol AR
LA E = integrin a581] S Loy
7] $181A integrin asBioll sk XHEkA|R1 JBS5 Ab
g3koltk IBS5(15 ng/mL) & A2 $- HASMCS| =
el Hzlo] 759 A AH(Fig. 6, 8).

T

O

ADP®|l [t HASMC2| FAI°fl #°{5t= integrin

ADPel 23 HASMCS] S]] #oI8h= integrins
A3l 984 ADPS} ATPZ A=3F HASMColl 2+
7} integrin®ll th3t AASAS 271510 wijekstar MTT
assay & AEAES AF2ch ADPSF ATP 100 uM
S Hrleto] wjekst HASMCS] F41 ¢7E3 (40 ng/
mL) ol ¢JaiA 22}t 39% 9} 33% 7HAE %A (p<0.05),
LM609 (20 pg/mL) el SJsix= 242 26%2F 20% 3¢
2591vH(p<0.05) (Fig. 9A). 10% FBSell 23k HASMC
9] 212 c7E3% LM609°) 2| 22t 9% 2} 12%
s ot BAAR foldS §lslek 18y integrin
aBs0ll tiEk 2pgk @xel P1F5(20 pg/mL) Y integ-

ADP+P5H9

X 200
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Fig. 8. ADP-stimulated adhesion of human aortic smooth muscle cells (HASMC) to bone sialoprotein. It was partially
inhibited by P5H9 or JBS5. ADP (adenosine diphosphate) activated HASMC fo increase the adhesion (A), which was
nearly completely inhibited by cRGD (B). Integrin avBs (C) and asB1 (D) were responsible for that adhesion. Original

magnification x200.

rin asBro thdk A9l JBS5(15 pg/mL) ol 2]s)
A= ADP9} ATPe] &Jgk HAS-MC®] F2]o] oJA|x]
2] ekokar @312 JBS5l <JallAl ADP 100 uMei <]
St HASMCS] F2]o] S718kath(p<0.05) (Table 1).
ADPY ATP 100 M- F7Fste] wieket Alze] MTT
assay =404 0.1% FBSHF H71g wjx) & wfoksh
A A WL ARFellE wl c7E3E ADPSH
ATPe]| oJgt 218 77} 98% 9} 94% AT LM

6092 22} 93% 9} 64% AAESATH Table 1) (Fig. 9B).

ni

o] Aolld] ADP7} Abeh g ErAEe] sk
integrin avBs, avfBs, asB1 T FASAIZIC HH
LA prothrombin® ZEFNTH H2-8- uj7)s}
ot T8 dEEEEAES] S o= integrin avBs
qo] FHofsigitt.

Integrine M| ¥5-242-2}(cell adhesion molecule) 9]
dFo= 1987 MY o)sy} Faks vrlstr] $sl

A AT 243 A7) BTER (ntegrate) T
27, welglstd, 75 A 0% QU AEEHS| o]do)
Z4 (heterodimer) & 71%317] 814 integrino|& &
o7k A& AREICEY FAAA 17702] o Awkglsh
8719 B w7} vkl o, o] F Jfel w7t v
5 Agslo] 2009709 integring ALY In-
tegrino] )14Jsk= 2lRh=9] oprfiAl A4 T oAl
Zo| L—arginyl-L—glycyl—L—aspartate (RGD) <1}
o]t} Integrin azB1, asB1, asBi, afBi, avfBs, avBs, avlBs,
amBs 5] ZZE=2] RGD 131 2145k, RGD %14
+ adenovirus penton base protein, collagen, decor-
sin, disintegrins, fibronectin, prothrombin, tenacin,
thrombospondin, vitronectin, von Willebrand factor,
Zefoleiul 429 Solx wagch

Integrin®] SR 54 T shh= 17l0] A5} 2
FA AR EAERs R0tk Integrin®] 243}
AEHE Fdsr] Yeids T4 A9 integrink ) &
’d3l¥ integrinell tigt FslHo] AN & A3 o=
=5 ARSI Prothrombin) FEFA - &4]
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Fig. 9. Inhibition of ADP-stimulated proliferation of human
aortic smooth muscle cells (HASMC) by blocking mono-
clonal antibodies (mAb) to integrins. A : each prolife-
ration in the absence of mAb (open bars) was assigned
a value of 100%, B : proliferation in the absence of ago-
nist was subtracted and each stimulated proliferation in
the absence of mAb (open bars) was assigned a value
of 100%. ADP- and ATP-stimulated proliferation of HASMC
was inhibited either by c7E3 or LMé609 (+ : p<0.05 vs no
antibody), but, not by P1F5, a blocking mAb to integrin
avBs. The data shown are means and SEM in one expe-
riment and are representative of three separate experi-
ments.
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whe- Fypdlolla s 1 Py EA| e 2siA
enk?”?Y web prothrombine] Pkl
| 0]5F} SAle #FoJeh= integrin
ez Zgek 4= 9l7] wlitel o] ATl Bxi=
Aesiolct st et A (osteobl-
ast) &} I=H 3 (osteoclast) A == A Gk
OS2 A integrin a,Bz¥%t oF2} integrin a,B5%E A
Bt o]2fgt integrin®] BAS ATek] A #it
TR et
o] AolA ¢4 ADP} ATP7} HASMCell Q&
integring B 4= e7HE Lottt ADP
o} ATP= fFoIet skeoll vl#lste] HASMCO] %19
Q)+ integrin®] 445 F7MAZ AL prothrombin¥}
Efieiio] sk HASMCS] 25 F7HZth v
SHAIZ ADPSF ATP7F HASMCS] 5218 712
AE7HE 2ARISEE ADPSF ATPE o938t 5icol
Hlgate] HASMCS] S5 fﬂ*]ﬁ’ﬂ 71&8] B}
o) 2] 51giT} V12
ADP& d#3EAM x| 9l integrin afsE &
A3 7 ekl A QLT integrin aiBs ©1€]
9] v integrine ADPel &Jalix 3=} 5718 ¢
Sltt. o] Aol ARg-3F HASMCell& integrin a,B3 X
o} integrin asB17% aBs7F O ol EA1EFITE HAS-
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Table 1. Inhibition of stimulated proliferation of human aortic smooth muscle cells by blocking monoclonal antibodies

to integrins

10% FBS ADP 100 uM ATP 100 pM
No antagonist 100+ 6% 100+ 6% 100+ 8%
C7E3 (40 ng/mL) 91+13% 2+ 3%* 6+t 9%*
LM609 (20 ng/mL) 81+14% 7 £10%* 36+ 8%*
P1F5 (20 pg/mb) 90+ 8% 112+19% 81+ 8%
JBS5 (15 pg/mLb) 115+ 8% 398+ 8%* 152+59%

The data shown are means and SEM in one experiment and are representative of three separate experiments. = :

p<0.05 vs no antagonist, FBS :

fetal bovine serum, ADP : adenosine diphosphate, ATP : adenosine friphosphate,

c7E3 : a blocking monoclonal antibody to infegrin B3, LMé09 : a blocking monoclonal antibody to integrin avis,
P1F5 @ a blocking monoclonal antibody fo integrin avBs, JBSS @ a blocking monoclonal antibody fo integrin as:
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