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EEFERFIER M & (RERFRAMIEHEE)
FEFRRT FEER

WPEBRHETZ A F DANCE & #%EAY & L7 B(LBHER B O T - 16 W IEF R D%t
EENFEE Pl B2
FEPRZEEFIER  Sointii & E AT JerkeE B

HREE
TS & 2 FEMERRHE D L IT AR OGO MR T 248 & | BE D72 5 B LS EIERCE)
ARPEDRE - BTRDORE & 0o TWD, T A XHERMEERICSLEBOSWME 37
DANCE (54 fibulin-5) # R U7c, ARWFZE T, E/LBIEE RO T b RIS HIERHED
WrEd D3R & S5 IEHE - RENREIZ DWW T DANCE OBEZFALMNITBHE L BI
DANCE A ED X I L THERMEERICE S L TWADNEDS T AL = XA%;JEJ’\’Z?
ZEIZ &> T DANCE BEBOFEL LITBEDO X —7 v MIR 0 5 20 E2H%T 5,
AR T, YV =rv )~ DANCE MM {E CHMMERMEERERET L LN TES
TLEFHLER L, 2O THFE LT, DANCE X T AF U X X7 A& LTE
DATEAN— g VERBETAERRSHHZ L . DANCEIC L~ T rRrY v 7 Szl
UMD N EE SN D ZE . DANCE /7 0 R 7 BEL2 U 70— ML TE
THEETHAZ LIV ZOERAZRBELTHEL LW &, 2B LI L, S
12 & o THMERRMER ATEMEO W EIEE DANCE A x T A2 &R L, DANCE #
EEEHIZE T 5 ELISA #BA% L7=, Z ® ELISA % i\ CHiE Izl ay & E < DANCE
BB LTV D Z &R oho7z, DANCE BB F A ELISA & [FIRHCBHR L, BhiRE
BB S K OVB MERA 2B ME TR SRR o P MiE H EIAY DANCE SfEO—EER WA Z L %
B H2IT LT,

Sy RFTEE R T b B M RIECB R T O AL -
b e REKE - EERHSAEY HiF KREWRAE, & 51250 TIIIne & Br 2 i e
wIl R RUERSE - BERENRE B 2 8 b MERAED BHAL - TR EEEE T
= REL RS - WPREARE BT HBHEBEZLNTETNDRD, B

DHILTH & FAERBEREL2ICRT 5B
A BRZ B HCEERRETHS, Li LHILRET
MBI = TR ORMBORIELRDIT e s R0 7206, SAERIEO S (LT
V<o TAVEL BEERRAE L VD HIBAMRIE L i geE o S S
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812 DANCE 0%k - WAMREE LT3
MEIMDENIFRITE 2\, ARRET
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(2, DANCE 3£ D L 942 L CHEPERRHER
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EIBHZ L1 L > T DANCE MBMREADT
it LS IXBIEOZ —47y Mg b 5 B0
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1. fjaksse

2 9 3T Mfa & R KREEFEHA BT
FERNE L D IRIL 2 7= b b R ERRHESE
21X DMEM, 10%FBS T 5%C02, 37°C D
BB TR LT,

2. FFAIF

pEF6/V5 (Invitrogen) ™ V5-His tag M 7>
Y2 FLAG tag £721% Myc tag 2> 7=
7" 2 X F (pEF6/FLAG & pEF6/Myc) %
fER L. DANCE (fibulin-5)&EF 71 A
N1 (nt247-399 X$8). AN2 (nt 247-504
KiB)., AM (nt505-1110 K#8). AC (nt
1114-1512 k1) DANCE % pEF6/FLAG
YT n—=v 7 L A e b LOX,
LOXL1, 2, 3,4 @ ¢cDNA % pEF6/Myc (2
Tra—=v7 L,
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7. Z® DANCE m%# 2 9 3T Hiflakk
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E—XzHnThawanizyarer s b
DANCE # F# L7=, 200mM « 2 &' — /L
T elute SNV arerr b2 R0
M T L TAIF Y~V ZRELTEE
W=,

b b harRTS2F cDNA T FEE
PRAEIEMIaREaE 5 RT-PCR 2 AW T 7 o
—=2 7L, =27z RZL->7T ELNe
WO B EV splice variant THhD 2 &
ZHER LT-, Z® cDNA % pTrcHis X7 #
—(Invitrogen)iZ V77 u—= 7L, KiE
B CREIE, Ni'tNTA 77252 HWTH
#qLT,
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t b RRERRHESERI I A N~ T 2D |
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Bl ar e hZ "7 A oEm
B (DMEM/F12) 2 AT 4 U AAZHL L
77, 1 0 HiZIZHIE % 100%= ¥ / — /)L CH
FE L, 2%BSA Cr7avyx 7 Lz, 1K
Rix$l FLAG M2 £/ 7 u—F L HK
(Sigma), Fi=T AF R Y 7 a—FL$
f& (Elastin Products Company) . #i
DANCE &/ 7 a—FLHK, Hie b7 4
ZTIU1RY T a—FbEE RV,
2 RPLIR I Alexa 488, 546, 647 TT~L X
N ¥ 1gG -3t~ v R 1gG & H
Wiz, DAPTIC R DB D%, 2 T 4 —
A VRS (LSM510 META, Zeiss £7-1%
FV-1000, Olympus) T#H, 7 —7BE4%
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5. a7 ¥NA_N— g Tvtq
AEED Y aver bR T 2F
VEURIEKRE Y ar e b DANCE
B R BRIRIIK ETRAL, 8 F ¥k
WOAETF 2y MIFB LT 440nm D
TOLHGEL (BE) Z2ME L7z, EBRIIEER
TERAE 2> b DK THRE 2 FE T & 2008
EEF (UV-1650, EERERT) TITo7z,

6. oL SERR

2 9 3T#IIZFLAG # 7 £ 7213 Myc ¥
THERATTEE NI BB TTAI FE T
ATz varl, BEEFEEZRAELT
L FLAG-M2 7 7 4 =5 4 — )L THIEL
Me L7z, LM% SDS-PAGE TR L.
PVDF EIZERE L TH Myc €/ 7 a—7 /L
PR, L FLAG M2 €/ 7 u—F AHIKT
N R LT,

7. #8#+ DANCE ol & 5 24k

47 Alink 20 Ao C57BL/6I =¥
A, BELU CH7BL/6] RN NNy 7 7 a R
L72 DANCE #{RTFRE~ U X% ERE.
T KEINRE EFOREEZRY HLTED
—EEBENL, 6 M RECTHEET A &
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Vb?yz7:9yayb 2 1 T 15 L
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DANCE ### L, SDS-PAGE TR L T
7~V9~%é%ﬁot0@%mDMﬁﬂ
DNy FEGIDH L, = R~ U ofRiz
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YNNI DREE, ENENEERE

et THERR L 7=,

1 0. ik b DANCE £/ 7 o —J L HifK
DAERR ‘
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ATV R—<%k27 ) —=7 LTENM
Tt DANCE ik &2 AT D7 u— &5,
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DANCE RV 7 g—F I HiKE21ER Lz,
IR TF R T a2 BT L
72 FLDANCE & / 7 1 —F )V Hi{K1%.293T
Mg cRBESEEZe PV areF b
DANCE # v /37 258 L, Balb/c R
Ny 7 aA L= DANCE B{EFXRE~ Y
AN g UCHERR Lz, ST ERAL 4 By
DANCE &/ 7 v—F L HMEICBE L Tit,
PITH DANCE 2R3 L T= K~ U fific
Ko TUIBHAL 2 P E L, BIBrEir 7 2
BRECSN 2 - o7 F Re~ U RIS HET
BT Lo TERR LTz, EIEWHE-> T
ML D Ng 7Y R—~<%{Ef L. DANCE
ZRRIICRBETSEAME ) Ja—F L
ikEHBz, " 7Y F—~filazX—F
TURCEREL, EKETaT A AR
L TR EDHi A% %7, L DANCE X7
FRRY 7 a—F koA EGbE, £
721385t DANCE € / 7 v —JF L HifEZ 24
& TDANCE#IEY > KA »F ELISA
ZER LTz, 1 DDHUKE & X REFS
L— bk (Maxisorp) (ZEAFE{L L. BlOHIE
ZeAF oAbl THRrETRMEEL, ALY
F7EY-HRP AW THRHEEITo 7=,
A& — KDANCE # > 37 . DANCE
TEFRBL 2 9 3T MlakEL D DS h=b
DAL BEEAR L THVWE,

1 2. v binjEH DANCE O H
FT 305 4 2Bo/EE ANEL A
VW TS F 4 DANCE 2 | 8 DANCE
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PN TR R [ 50 A B 3 B 18 R 2 N Rt
WCTER L, i/ MRIEEZIRA LTV
BREREZE 400400 MEIZHONT
DANCE JREE 2 J7E L7z,

1 3. BEFMITO O IMmiEERR

TR R I 50 8 993 Be U 25 PN BH L il g
H1D COPD BED S H, EmCTREOHEDL
NT-BELVRMMEIT 72, T OBFFEIL,
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COPD DBIHEZ LMD —HH & LTIT
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14. F7A4A~=—FH¥ AL PCR ¥A LU
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DANCE BETFZBICED LI bR
HETHONTELY, FBEEFER
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PCR I A ~w—&y N&FH AL L=, &
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(e mm ~DBlE)

bt ~iiH DANCE REOBEIEIEL, FEK
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BB DI EINBRIITHo 7=, BAFIETIL, #
B D BERIRINAY 1 Oml ZEREC 2 LIAMZ
HHRECRELE X2, £, YT
DF —F = ARG TITBRE L 1388 X
N, F—FiF /N —FETOEHHE - =
HERER EHEH EOUBEEZEDO L DOFEIT AL
R, @ABOT —% ONRFEITITHRN



mE BEEOEAEROEHRITIT S
BEL7,

TUAEMWDLERIT, ERAWIEE
TR - BRIIRERTICEIT Lz, B
FERFHENL T N TR KRR E L&Y ER
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C. MIEHER
1. DANCE 3D R 2T 5
BEMERHEZ R IZ 1T 5 DANCE 0% 5%
O™ B0, b bR SRS %
HAWT in vitro 7 v A4 Z2ER L7, =
DOHIFEZIET 0 %MIEFETTL 0 BHLL B
BT E, Pl T AF PR TYe S 25k
FRAEDS TR S4B A3, MM@TV%fék
BRPERRHEDS TR S 7, Mifassasic ks
66%'95%’%&%’552 IRmEN LB TH D &
INETIZRESNTHE, M
%ﬁwﬁﬂ-%ﬂ@¥#aih1wétw
WA EPE R METE R IC B 22 D2 D 2
EIIREETH T, EZABENTZZ LT,
I EEEMIZ Y =) > » DANCE %
R EHRMLUTEL &, BEICEERMEN
BRI T (B 1), T DHEERMED
=3 x % DANCE # %7 BIZIREL T
W7z, MMz 72 DANCE #Z > R7 3= 5 A5
Y ERBEL TV, DANCE # 37 ¥
DN K - CTHMEBRHER AR Y OB BEIZE
kb osnEorvE~vA 707 LA
qPCR THEILEZN, =5 AF o7 47
VU1, 2%EF U ET5HMERMERER
o DB FRBENCEMIT RN -T2, OF
0 I IE RSB T b B RAEAE BRR 2y
T+ RERBE I TSN, DANCE # v
NI HMZ B ETITHMERHEE LTA—A
TARXSNRNEND ZERNEZD, TR
»H DANCE 2B FRBEEE XA 7

Gy F TR < FEMERRAERE R ALy D T &
V7w%ﬁﬁ?5ﬁ*ﬁ+4ﬁ“ﬂ+fﬁ
LEEZ LN,

2. DANCE G bhueRzFAF0aT7k
e 3 VERET B
TTAFUOBEERTHD b AT R
F oL, FEHRECaTEAR—va v
EWVIHHEREBEEZ LTHERETAZ &
DHbLNTWS, haR=Z2AFr0ar
EAR—va I bR I RAF DI
2ZY T DRIICBIABERAT v 7 TH
HEMEBEDITHNTVWS, DANCE X hm
RTTAF o EEEFET D ERMbN
TWA7Z®, H 41X DANCE 28 bRz
AFrDATENANR— g SNIEET D0
EIMERF L, BRLEZV a2 e,
MheRZ T AF & T BRI
35:40CTCa7ELR—a s B2 LT
BWoTL< B, "aARZTAF U Z LRI
iz D DANCE # > 37 2z Tk<
L AT BAR=L 3 OB I AEENME
TL7 (K2), 77445, DANCE X ko
RTTRAFoDayvL— g iR
THEEZONT,

3. ##E T DANCE ohnfsic L A28k

i~ 2 DANCE #ifkZ /-2 %

yZ7uay MLV, 3y A0~y 2KE
AR#LE 2122 < ® DANCE # > 237 25 H
STz, 2 25 A0~ U 2 KENRHEEH
51t DANCE # 7 s Eni=n, &
X237 AL O EE_RTRESTH- 12,
WIZ, RIEHMBEN DANCE 2/, 3~
At~ U ZAOEBIZIZHK 5 5kD 0&E
DANCE 23 <&EN TV, 224 A
lin< U A DRETIEEE DANCE BNEHIIZ



BWAOLTED, 94 5kD O/ RBEETHR L
TWe, & hOEBHBETHLMERIZL - T
DANCE # /37 QY& & bick
ZoTWAZ EEMEIHELE,

4. HaEE#IcBIT D DANCE Y1 o H
UMD T X BERISIRE
STFNRTF ROTHIZ FLAG % 7%
772 DANCE 2> A 527 +% 29 3T
MG FE B < . 153 L5 % SDS-PAGE T
JEBA L. $1 FLAG #i{k3 L U'%t DANCE
Jorua—FAfikz ATy AZ T
v h&1To7-, L DANCE fiikciiE{b~
U ARG ERBRIZ 2 R0 RosfrE &R
7o, Bt FLAG $iiA T3R5 5kD oy
RoBZpgH s, Zix7 I /K K
AA K1 OkD MU - 3% 5 1T T\ 5
ENRREEBEZ SN, T T —
FEAI2S DANCE O 2 ETx 50
EI20ERFLE, VATA v TaTr T —
EIEA E64 TIXUIMRE S 3d o7
B, By FarT7T—EBHERTHLLT
0 F = TIIRIESE LI DANCE 123
EFEEhiz, §725H, DANCE &tV 7
BT 7 —BIZLoTT I /R RNAAL MR
PrEns Z EBHLNT R ST,
RIT, AR FIIVRIEREIZ 6xHis ¥ 7
OIF7=Y 2 e h DANCE # v %7
ZAESI L. SDS-PAGE TRR., 7/ —~¥—
TN—THE L, 94 5kD O REYY
HLTz R oz L I 7 2
JBERSNZRE LT, ZOFRICESE,
IZCONLT IR B AA &K< I
B DANCE ORHa LA NT 7 b, LER
Bz ERR L T, Y ared o Nl
M DANCE % X7 R8I LUT=,

3. DANCE {KIFe) BPERRHEIZ AT » & A

FIC BT DU DANCE OiEME#E
Pz DFIF L= DANCE {170 MR HE
BT veAFRTlE, Varer b
DANCE & X7 il AT &
1O HBICIEM=F 2AF U HETRAES R
LN TE D, ZoLEMAZY 2
> ¥k DANCE # v 287 | T bEfgHE -
WZRTET 5, ZDOFRICEE DANCE Onb
DIz arerr FEE DANCE # /%
7 EMATELS &, BERMEITERI T,
Mx TV ar e v b BRBHERICE S Z &
bemolo, bbb, GIETAE DANCE (2
IR RN RN e E X BT,

4. DANCE 2 k- UBMFEE - i
BRHEIT A A U - MR T H B

BERERY 72 MR MEE AR D 7= DX, b e
AT T AF L ORBHEIRDILEFE L 2T AN
—Ya TR AFEosa Y
YIOBMBETHDH, LT —%id DANCE
WvA 70747V VZHRELTC heRT
TAFLDOLE - BELREL TSI &
ZRLTWEHER, ZThbhrRzmTRFr
B e R 7 UTHGE U 7 MR & e
SDTWELEMNEIDIIAHATHD, ZnzH
3 7%, B -aminopropionitrile (BAPN)
EV D LOX (U g o ¥ —PHERK)
EEHFICMZ THh7, LOX 77 I U —
FORTTRFLrOr/uRY L I7EZETH
5, BEHifz BAPN 2z T LOX i&FM:%
[HZE L7z & 2 A, DANCE OBHERILE X
[HEShZ2holeds, =T AFUFHEL
ol (K3), $7245, DANCE #
NI E o THHERIZIEET 2T AF
Z7mAY 72 TEY, DANCE # v~
N B R T 5 IR R LT




BMERAE TH D & EZ BT,

5. LOXL1,2, 413 DANCE AT 5
PR U T MR HE I B D 7= D izik, =5
2F 0L LOX 77 2 U —ERILL-TY
BAY T SNDUERHD, BIESOD
LOX 77 2 U —Rumbh T3 : LOX,
LOXL1, LOXLZ2, LOXL3, LOXL4, LOX &
mF K~ T A, LOXL]1 &z F XK~ 7 A
RO R E RIS Z 5 Z LB EE
WESN7Z, DANCEX Z N5 LOX 77 3
Y—¢sfEaT 208D 0k REILBRERT
FH~7=,LOXL1, 2, 4 1Z DANCE & fEA L.
C kit & X8 & 87~ DANCE TiZ#E&a 29k
FIZFI < 7o 7=DT, DANCE ® C Kl &
FREMIZESELTWLIbD EEX LN
(X 4),

6. Hit k DANCE &/ 7 g —F )L HfEkD

K% Balb/c it~ A1Z6%5E L DANCE
CIMr e, 2 304 5 /) 7 v —F AHifk%®
Hrva— 87,

7. DANCE #7F ELISA, 1% DANCE
HE BLISA OER

EFEDFE 7o —F AR E LA DY
TH> KA »F ELISA Z{ER L= Z 5,
ERE (RHHERA Ing/ml) (2 DANCE % #
HeTDZ ENTERE, EbI, FLEDOMA
BDEICL T, &2F L 9% DANCE %
MAFEe L Dy 7 I EEEE T
55, 2K DANCE 721772 & e I IRRE
(272 B ELREE VY ELISA B T&/H, Z0
ELISA (3817 DANCE % ¥ Ba9Ic k¢
DT EMTED LBz b (BRHEBRAK
Ing/ml),

8. b bimiEH DANCE O

1ERk

RY 7 a—F/1H DANCE Hifk% HuTC
DANCE I/ ELISA % DERK & B A 7223,
BEN+S ERSRMhotz, ZDD,
DANCE <€/ 7 v —F /VHRE 1B LT,
EIEIZE > T Balble RO~ T 22k b
DANCE # v R % &4 5 HFEEI{To 0z
NIMEN EH L2z o7-, ZHid, DANCE
W7 2 BBESINTEM CIEEICRES AL
PFUWE X7 ThDHOTHERN < AR
DANCE # v 37 1Zxt L CHRERERICR -
TWa7edhEEZ bz, £ Z T Balble iz
Ny LTz DANCE Bz RK#E~D
AW DANCE Z o Ry 2 RE LI-E 2 A,
FEFICEmAMOMBERELNTZ, T~
AR D NA 7Y R—< &/ L, &
ya—rO@HME /) 7 a—FAhiikE S
oo TR &iFANZ, DANCE I~

BOMMND 4 2OEE NfiEEH T
MiF+ DANCE REZHEL-L A, £
DANCE B £ 100-200ng/ml T v | Gl
B DANCE I HBFALUT Th o 72,

RN TR R PR 5B AT B i B 1 BR 2R P R
TR L7ZEEMIE4 0 04531220 T
M EZIT »7-, M+ DANCE ¥ FE %
100-300ng/ml T, G DANCE 34z H IR
REMENRZ o703, 1 0413 Eixbral
DANCE »5#% &fE (10ng/ml LLE) %7R
L7,

9. COPD B IzBi1T 5 DANCE #E{zF%

- R ORER

R FEEET B2 o COPD
BHEL1IO00LLVRAEABETERMLEITS T2,
DANCE BET+OZ I VT _XTEV—7
T AL TWAN, BIEE T2 DANCE #




BFERITROP> TR,

D. &%

Fk# 1Z DANCE 23 #ERMEE R DA — A
AP —EEEHFOILEMDTRVEL
7o (B 05), MMy Ml i EE 28 12 6 v T
HETERAZRREN L 7= DR 2« B3I TTH B,
MFFINET A S A R F 213U
HETBEEOBEN - RAMKFNEENT
WAHTZD TIVE THEMERMERE RO %
FEIAELEE TIT 5 Z LI R & R EEEA £ -
7o Bx OBEEMBHERMERR T v 21 %R
. MR EETAIRTFEMZ D 2
%y%&yﬂﬁﬁifﬁﬁéﬂfﬁb =
BIOT vl RERWTHMERE
RELEDZ ERMBEIND, muﬁfiﬂ Zi
DANCE & 22729 @%?%Jﬁ‘f*é‘iﬂﬂ\é
T EEFOERWE LA, miE+F DANCE
MIEVERRMEICHE L TN L H 5,
T 41X DANCE B{EF KB~ U A0S
HEEER B a2 3k4 2 & 225, DANCE 23
PEMHEFERICHATH D Z L 2T TILRE
LTWaBH, 4EOHMEIZ DANCE 2
BEPERRMERE B 23 & W 9 720 Tide < 5‘%[&
B E A — A X T&HEERY
ThHHZEERBELTND, HME; J%ﬁiﬁé
HKORBEE 25 L%, DANCE (3EN
FE& L TRERAREEZ L TWVDE LN L
Do

s & - CTEREMB+ DANCE @jtﬁﬁ
L1 0kD IZE/NERGTEDOLDIZ
2T, ZDES 1% DANCE | i#lﬂﬂ@iﬁ
BTHEEINh, B T ur7—EHE
FTh<ldZ &b, UK DANCE T
bortE2N5, T7bbH, DANCE I
MERZ & > TOWr 2517 %5, DANCE Dt]
W S M RAMETE R I B W CEE B BRIT, 4

10

EO#FIETHL M E R -T2, ©K DANCE
DR AR 2 R ooIzxt LT, Bl
) DANCE 34 < BEPERRME R A REA 2 v o
=DTHD, LzAR->T, DANCE DUl
i DANCE O MR HER A TEME DO NG T
HDENHITENTED,

bk OMiEnE{LEEE B T DANCE @
B, UITOFEELFNDLZ &0E, BERHE
HAERZHNET DI LICEVWEEZLND
e, FERFEWLEETHD, Z07DIC
DANCE HIERDPEZN TN, Lo
< DANCE % @&EEEIZHETE 5 ELISA
MTET, bz, LIEA DANCE % f¢5
BNZHIES D &) W 7 — <12 b Bkl
L. Il DANCE $:25 ELISA #{E5
NP 0l 51 B O S o 11 I <l NN IR e e Nl = o 3
AR E C© DANCE # > 237 BMEBR LTV
HZEERWELEERIIRELS, %0
ANAIpEREBTIIE DANCE # )7 %l
ETHZ &k, MmiE DANCE BE N E
Be—H—L720 5 DAREENRD B, R

AR OBREMFIZB T 2EE &Mk
DANCE 2 OB 12 2\ TR ERAE AT o
Ths,

FRZBLRIR OO, —H 0 EE TOR
DANCE #»9E% x.,—mﬁé& ol THD,
Mov o2z 7oy b ETRHEE
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: ARTICLE

Fibulin-5/DANCE has an elastogenic organizer
activity that is abrogated by proteolytic cleavage

In Vivo
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lastic fibers are required for the elasticity and

integrity of various organs. We and others previ-

ously showed that fibulin-5 (also called developing
arteries and neural crest EGF-like [DANCE] or embry-
onic vascular EGF-like repeat—containing protein [EVEC])
is indispensable for elastogenesis by studying fibulin-5-
deficient mice, which recapitulate human aging phenotypes
caused by disorganized elastic fibers (Nakamura, T., PR.
Lozano, Y. lkeda, Y. Iwanaga, A. Hinek, S. Minamisawa,
C.F. Cheng, K. Kobuke, N. Dalton, Y. Takada, et al.
2002. Nature. 415:171-175; Yanagisawa, H., E.C.
Davis, B.C. Starcher, T. Ouchi, M. Yanagisawa, J.A.
Richardson, and E.N. Olson. 2002. Nature. 415:168-171).
However, the molecular mechanism by which fiblin-5
contributes to elastogenesis remains unknown. We report

Introduction

Elastic fibers play a crucial role in the structural integrity and
function of various organs (Rosenbloom et al., 1993). The loss of
elasticity leads to many age-related phenotypes, such as wrinkled
skin, emphysema, and arteriosclerosis (Pasquali-Ronchetti and
Baccarani-Contri, 1997; Bailey, 2001). Therapeutic interven-
tion for these age-related changes has not been realized because
the mechanisms of the development and maintenance of elastic
fibers remain unclear. Elastic fibers comprise two distinct com-
ponents: an amorphous core of cross-linked elastin surrounded
by a peripheral mantle of microfibrils. In the process of elastic
fiber assembly, elastin precursors (tropoelastin) are deposited
on microfibrils, aligned in an orderly way, and cross-linked by

Correspondence to Tomoyuki Nakamura: nakatomo@kuhp.kyoto-u.ac.jp
Abbreviations used in this paper: BAPN, B-aminopropionitrile; DANCE, develop-
ing arteries and neural crest EGFlike; GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; HSF, human skin fibroblast; LOX, lysyl oxidase; LOXL, LOXike.
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that fibulin-5 protein potently induces elastic fiber as-
sembly and maturation by organizing tropoelastin and
cross-linking enzymes onto microfibrils. Deposition of
fibulin-5 on microfibrils promotes coacervation and
alignment of tropoelastins on microfibrils, and also
facilitates cross-linking of tropoelastin by tethering lysyl
oxidase-like 1, 2, and 4 enzymes. Notably, recombi-
nant fibulin-5 protein induced elastogenesis even in
serum-free conditions, although elastogenesis in cell cul-
ture has been believed to be serum-dependent. More-
over, the amount of full-length fibulin-5 diminishes
with age, while truncated fibulin-5, which cannot pro-
mote elastogenesis, increases. These data suggest that
fibulin-5 could be a novel therapeutic target for elastic
fiber regeneration.

lysyl oxidase (LOX) enzymes to form mature elastin, which
confers the elastic properties to elastic fibers (Rosenbloom
et al., 1993). However, the molecular mechanism of this multi-
step process remains largely unknown (Kielty et al., 2002).
Tropoelastin, which is a major constituent of the elastic
fiber, can interact with other tropoelastin molecules and self-
aggregate at physiological temperatures. Thus, tropoelastins
undergo a phase transition, which is termed coacervation, from
soluble monomers to insoluble aggregates (Urry, 1988). In elastic
fiber assembly, coacervation is considered to play a critical role
through concentrating and aligning tropoelastin before cross-
linking. However, coacervation of tropoelastins alone is not
sufficient to explain the assembly process and the variable forms
of elastic fibers in different tissues. For fibrillar deposition of
tropoelastin, microfibrils, which are mainly composed of fibrillin-1
and -2, are assumed to act as scaffolds, and to direct the mor-
phogenesis of elastic fibers. In fact, mice deficient in both
fibrillin-1 and -2 were recently reported to exhibit impaired

Supplemental Material can be found at:
http://www.jcb.org/cgi/content/full/jcb.200611026/DC1
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elastogenesis (Carta et al., 2006), indicating that fibrillins are
required for the initial assembly of elastic fibers.

The final cross-linking step is initiated by oxidative de-
amination of tropoelastins, which is catalyzed by LOXs (Kagan
and Li, 2003). LOXs are copper-containing monoamine oxidases
secreted by fibrogenic cells, such as fibroblasts and smooth
muscle cells. Five LOX family members have been identified
so far: LOX, LOX-like 1 (LOXL1), 2, 3, and 4 (Molnar et al.,
2003). LOX-deficient mice were reported to die perinatally
because of insufficient cross-linking of elastin and collagens
(Maki et al., 2002; Hornstra et al., 2003). LOXL1-deficient
mice were reported to live to adulthood, but to have degenerated
elastic fibers, suggesting that LOXL1 is also important for the

fibulin-5-FLAG

Elastin

Merge with DAPI

fibulin-5-FLAG
Figure 1. Fibulin-5 potently induces elastic
fiber development and promotes tropoelasfin
coacervation. (A-C) Human skin fibroblasts were
cultured in 10% fetal bovine serum—containing
medium (A), in serumfree medium (B), and in
serum-free medium with 8 pg/ml of purified
recombinant FLAG-+tagged fibulin-5 protein (C).
Cultures were stained with anti-FLAG {top) or
anti-human elastin (middle) antibody. The
bottom images were produced by superimposi-
tion of the top and middle images, together
with DAPI nuclear staining. (D-G) Human skin
fibroblasts were cultured in serumfree medium
with 0, 2, 4, or 8 pg/ml of purified FLAG-
tagged recombinant fibulin-5 protein, to examine
the dose-dependency of fibulin-5 elastogenic
activity. Cultures were stained as in A-C. Bars,
50 pm.

Elastin

Merge with DAPI

development and/or maintenance of elastic fibers (Liu et al.,
2004). Yet, little is known about how LOXs are recruited to
catalyze tropoelastins on microfibrils.

Thus, the elastic fiber assembly involves recruitment and
organized deposition of various molecules, and seems to be
tightly regulated and finely tuned to achieve the appropriate
elastic properties in each organ. However, whether there are
any specific molecules organizing the assembly of elastic fiber
components remains unknown. Recently, we and others showed
that the elastic fiber assembly process requires fibulin-5 (also
known as developing arteries and neural crest EGF-like [DANCE]
or embryonic vascular EGF-like repeat—containing protein
[EVEC]) by thoroughly investigating fibulin-5—deficient mice
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(Nakamura et al., 2002; Yanagisawa et al., 2002). These mice
recapitulate human aging phenotypes, such as loose skin,
emphysematous lungs, and stiff arteries because of disorganized
elastic fibers. Fibulin-5 has an Arg-Gly-Asp motif at the
N-terminal domain and interacts with cell surface integrins, such
as avp5, avB3, and a9B1 (Nakamura et al., 1999, 2002). Fibulin-5
also has tandem arrays of calcium-binding EGF-like domains
and a characteristic C-terminal fibulin domain, and these struc-
tures enable it to interact with several elastic fiber components,
such as elastin (Yanagisawa et al., 2002; Freeman et al., 2005),
EMILIN (Zanetti et al., 2004), and LOXL1 (Liu et al., 2004).
Thus, fibulin-5 is a good candidate for an organizer of elasto-
genesis that scaffolds elastic fiber components in the vicinity
of cell surfaces. However, the specific role of fibulin-5 in elasto-
genesis, whether fibulin-5 can promote elastogenesis, and
whether there is a correlation of aging-associated alterations of
fibulin-5 with aging phenotypes, remains unknown.

We report that recombinant fibulin-5 protein potently
induces elastic fiber assembly, even in serum-free cell culture,
without changing the expression of elastic fiber components,
suggesting that fibulin-5 serves as an organizer molecule for
elastogenesis. Fibulin-5 deposits on microfibrils, promotes
aggregation of tropoelastin molecules through coacervation,

Elastin/Gapdh

LOXL1/Gapdh

180

and also interacts with LOXL1, 2, and 4, which are enzymes
that cross-link elastin. We propose a model in which fibulin-5
tethers LOXL enzymes to microfibrils, thus facilitating aggre-
gation and cross-linking of elastin on microfibrils. Intriguingly,
a much lower level of full-length fibulin-5, and a higher level of
a truncated form of fibulin-5 were detected in aged mouse loose
skin than in young mouse skin because of proteolytic cleavage
of the N-terminal domain. The cleavage of fibulin-5 abrogates
fibulin-5—microfibril interaction, leading to loss of the elastic
fiber—organizing activity of fibulin-5.

Results

Fibulin-5 promotes assembly of elastic
fiber components

To elucidate the molecular role of fibulin-5 in elastogenesis, we
established an in vitro system to evaluate elastic fiber assembly,
using human skin fibroblast cultures. In the presence of fetal
bovine serum, skin fibroblasts developed an abundant mesh-
work of elastic fibers, which were stained with antielastin anti-
body (Fig. 1 A), as previously reported (Mecham, 1987). In the
absence of serum, they did not develop elastic fibers (Fig. 1 B).
Investigation of elastogenic factors has been hampered by the
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Figure 2. Quantitative PCR analysis in skin fibroblasts
after addition of recombinant full-length fibulin-5 or trun-
cated form of fibulin-5. Total RNA from skin fibroblasts was
extracted 2 d after addition of recombinant proteins in the
serum-ree culture media. cDNA was synthesized and was
subjected to quantitative realtime PCR for the expression of
elastin, LOXL1, LOX, fibrillin-1, -2, and glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) transcripts. A graphic
presentation of results obtained by realtime PCR is shown.
Levels of Gapdh transcript were used to normalize cDNA
levels. The relative amount of PCR product amplified from
control fibroblasts was set at 100. Data are presented as
triplicates, and the means = the SD are shown. The prim-
ers used are shown in Table S1, available at http://www.jcb
.org/cgi/content/full/jcb.200611026/DC1.
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—e—TE 1 mg/ml + fibulin-5 40 pug/mi
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Figure 3. Coacervation assay using purified recombinant fropoelastin
and fibulin-5 proteins. 1 mg/ml of soluble tropoelastin with 0, 4, or 40
pg/ml of fibulin-5 protein was induced to coacervate by increasing the
temperature, and the turbidity of the solution was measured. Data were
obtained in duplicate, and the mean = the SD values are shown.

serum dependency of elastogenesis in cell culture, as serum
contains various proteins of known and unknown functions
(Mecham, 1987). Surprisingly, we found that skin fibroblasts
developed an abundant meshwork of elastic fibers, even in
serum-free media, when they were cultured with purified re-
combinant fibulin-5 protein (Fig. 1 C). Staining with anti-FLAG
antibody revealed that added fibulin-5 protein colocalized with
elastin. Recombinant fibulin-5 protein induced elastic fiber
assembly in a dose-dependent manner in serum-free medium
(Fig. 1, D-G). We scarcely detected endogenous fibulin-5 in
serum-free culture, whereas we detected abundant deposition
of fibulin-5 in serum-containing culture (Fig. S1, available
at http://www.jcb.org/cgi/content/full/jcb.200611026/DC1).
Addition of fibulin-5 protein did not affect the mRNA expres-
sion of elastic fiber components (e.g., elastin and fibrillins; Fig. 2),
indicating that a sufficient amount of elastic fiber components
was produced even in serum-free culture, but that they could not
be organized into elastic fibers without the addition of fibulin-5
protein. These data suggest that fibulin-5 is not a signaling mol-
ecule that changes gene expression, but an organizer molecule
that promotes assembly of elastic fiber components.

Fibulin-5 promotes coacervation

of tropoelastin

Tropoelastin, which is the precursor of elastin, can interact with
other tropoelastin molecules and self-aggregate at physiological
temperatures through a phase transition termed coacervation
(Urry, 1988; Vrhovski et al., 1997). Coacervation is considered
to be an important step before cross-linking of tropoelastin mole-
cules for elastic fiber assembly (Urry, 1988; Vrhovski et al., 1997).

JCB « VOLUME 178 « NUMBER 7

Because fibulin-5 can directly interact with tropoelastin
(Yanagisawa et al., 2002), we examined whether fibulin-5 can
affect the coacervation of tropoelastin. Purified recombinant
tropoelastin protein coacervated at 35-40°C, causing the solu-
tion to become turbid (Fig. 3). In the presence of recombinant
fibulin-5 protein, tropoelastin started to coacervate at lower
temperatures (Fig. 3), suggesting that fibulin-5 promotes co-
acervation of tropoelastin.

The switching of fibulin-5 subtypes

occurs with age, whereas elastic matrices
are deteriorated

Fibulin-5—deficient mice exhibit aging-related characteristics,
including loose skin, emphysema, and stiff arteries, because of
disorganized elastic fiber development (Nakamura et al., 2002;
Yanagisawa et al., 2002). Because tissue elastic properties are
gradually reduced with aging (Pasquali-Ronchetti and Baccarani-
Contri, 1997; Bailey, 2001), we examined the age-related
changes of elastic matrices by observing skin tissues of young
and old mice with transmission electron microscopy. As shown
in Fig. 4 A, elastic fibers were disorganized and fragmented in
old mice, whereas they were organized into thick fibrous struc-
tures in young mice (Fig. 4 A, middle and top). The deteriorated
elastic fibers in old mice closely resemble the disorganized and
fragmented elastic fibers found even in young fibulin-5—deficient
mice (Fig. 4 A, middle and bottom). Next, we investigated
whether the expression of fibulin-5 is altered during aging, as
we inferred from the data in the previous sections that suggested
fibulin-5 is not only necessary for elastogenesis but also able to
promote elastic fiber organization. Using skin tissues of young
and old mice, we performed Western blotting with anti—fibulin-5
antibody (BSYN2473). As shown in Fig. 4 B, we detected two
specific bands in wild-type mice, while we did not detect any
band in fibulin-5—deficient mice. Notably, the intensity of the
upper bands was considerably decreased in the old mice com-
pared with the young mice (Fig. 4 B, compare lanes 1-3 with
lanes 4-6). On the other hand, the intensity of the bottom bands
increased remarkably in the old mice (Fig. 4 B, compare lanes
1-3 with lanes 4-6). From these results, we hypothesized that
the switching of fibulin-5 subtypes may affect the elastogenic
activity of fibulin-5 and be correlated with the deterioration of
elastic matrices during aging.

Fibulin-5 is partially cleaved in vitro

Because only one major transcript of fibulin-5 was detected by
Northern blot analysis (Nakamura et al., 1999) and no mRNA
or EST that would code for a protein ~10 kD smaller or larger
than the major form of fibulin-5 protein was found in public
databases, the two subtypes of fibulin-5 protein we observed were
not thought to be splice variants, but were rather considered to
be indicative of posttranslational modification. To investigate
this modification, we transfected an expression vector containing
fibulin-5 cDNA with a signal peptide and a FLAG tag at the
N terminus into 293T cells. The culture medium of these cells was
collected and subjected to Western blotting. As shown in Fig. 4 C,
we detected 2 specific bands of 45 and 55 kD with an anti—fibulin-5
antibody (BSYN2473; Fig. 4 C, left) that recognizes amino
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