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1. {FUBIC

AL B 7‘%%’4 N B O, E OV 4 XMk
BRI MITH Y, ZOWFHEIREIREA 5%
MWAWESL, W /u}‘fllﬂﬂJ VT F VRO —DTH B
Hippo %, Mlsoofgst, 258, bz & & filf L <Hl
MIzBU L [HEo%] 2@l #E o4 Xeilfko
TER ML CTv5". YAP (yes-associated protein) &
FHNF 07 THH TAZ (wanscriptional  coactivator  with
PDZ-binding motif) &, Hippo MO WLy At sl & He7z
fmﬁk“wrga . YAP & TAZ E 8 F ¥ F itz
FEHLDO T A A L CHINRIRH % itk LAIBYE % i3 5 =
& T Hippo “xiéﬁ@a:? 7= LTHIET 5. T4 T
% ¥e# Hippo £ o> LI o BIEEEREASH &2 s h, Ml

AR B ML PR B3 2 M & D335 & v o 724
WA DMLRE D #E T X o T Hippo BB OIGEATTIZ )
MERTVDLIENHLNMIRYDD2H B, KETIU,
Hippo & O G H 2 40 9 YAP O T IBEAE I fE i %
HT, EROHME LVATIRIZ B 258 oM R 2 i
BT A b ol LTS 2 & & 018, e
TRATHE & 200 U7 BRI AS 8 & A L 72 YAP O3 7= 2 il
BT AR AT 5.

2. YAPICLBRB|MEY 1 XEHI ADHIE

WEOVA X, BT 5 sk & M4 ol
ORKESJILLoTHESNTEBY, Hippo-YAP &
EECBUT S [ offziE) (BED. —%, [Ex
OO K X S ] IZ5FINE 2 BAIT 5 mTOR B &

CHRRERE R SR R R SE R A b A3 (1130033
GRS SO XA 7-3-1)
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g EaY, BE ., TR g

2 HippoiZ & -
grroxmm L moamm
¢GMWme

1 Hippo-YAP fE#EIC X 2 35 A4 XUl & 5603 A3

DS TV DL I ERMONTWDEH, L Oe, &
Fod A4 ZHEmE THIEOE] (RGFEL T A" =
L7 EDOW L DORDEFEICB T YAP IRAFAYIZH £ X
PR ENTHDE T EDIRENTEY, KB WT

B CTh L. < AN HEANLIC BT YAP &
BEAEHEE5 &, WHEEMROMIATCE L, @BFiae
REDOHK 5% ICHEFES N TWD JTJJ&AMLMW'J 25% 12 F
THERT A S EAGRINTWAY, BHBREWLZ &1, JFK
DR L7212 YAP OB BF S £l 2 &, i

OF A4 ZXETHRD, ThiE, WO T A4 25 YAP A7

12, BIRC - TYAP OB EHET 5 & KA
WADIIEICES. HHESAREL e PO T ST Ll
HONPAEFIIB VT, YAPBIZTELY L7/ L5
AR L THE Y, YAP OB OB AN R TE D TTAE
PMEINTHWEIEDS D, YAP WA METEYD T
HLHZEPHLNE 5 TWVBEYY,

3. Hippo BBIC L3 U VE{EEN L & YAP ORBEEM
R

WFLEI O Hippo BB O EEHRHAFIE v a7V a I N
IO Hippo ®FE T 7 TdH A Mstl/2 (mammalian ste20-like
kinase 1 & 2), Latsl/2 (large tumor suppressor 1 & 2), Sav
(salvador), Mobl (mps one binder 1), YAP & TAZ B &
" TEADL/2/3/4/T& %" (R 2A). YAP & TAZ I35 3k
HEEFTHY, EEEEILNAL V2 HT55DDDNA
AN AL VIR RY. 0D, YAPIIBWNIZTE
FIFLEERTLHBETHI L THADEE IR

T A A
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2 Hippo SRHIZX B YAP © Y ¥ EALHIH
(A) Hippo O, (B) YAP D F A {4 »#55. Hippo fFHIZ L 5
5B YEALE (P) LI RAESRAET EF ML (Ac) BE

N ) AF VABERLL (Me).

LT BBBETORMALTFEST L. HTH, YAP OBEL
FIHHET 2SN T I TEAD TdH Y, TEAD I3 Hl i
FEORAERL MRBIE OB B L3 2 MR FRH ORI L H -
TW5.

Hippo BIZBWT Y 7/ VRERERE LTOREE %
FTO, Y/ ML A= FF—FD Mstl/2 & Latsl/2
WZEBFF—EHI AT —FTH5. Mstl/21d Latsl/2 %Y
VEAEL THEMEL S € 5. HHEAE S Ao Lats] /2 i YAP
DEPFOEY YEREEY VBLT A (K2B). 127%FH
DY) YEENY SIS ND E, 14335 YT HNT
O HEBEHEETHILITLD YAP {1 R
5V, FORKRE, YAP OBARBIE S HIH S T YAP KFF
B BETFREAPAICHB IS, 72, YAPD 397
BovY U BHEN Lasl/212& 0 ) vBiLEnsE, 2V
FF)A—YEEKREOHEERIHESN, YAP I
2EFF Y TUTFTV-LREEMIHHEINGY. Z
® & 912, Hippo #EEEIZ Y Y BELEZ /- L T YAP OMIFLAN

JRfE L LR BT S 2 & T, YAPIC X 2 Mg sE <
FENANRERIROFELIH L T 5.

Hippo O EEMBIN T2, & M2 SREImIcES
BABYWEICBWTHELMIZIZIZRESNL TV 2%,
KEREESITOY Wb OO, —EHOEMBEGEDICF
THRAE SN TV S ITEREE . Hippo #EEE 2 IH I H3F
BRI BT A 2R RIE 558 (Mitotic Exit Network)
RGREIRII BT 5 B K 4+ 3 (Septation Initiation
Network) IXH B EEZ LNTHEY, FEERETFIRAE
ENTVAELETTEL, Y7V EERESELL TV
57 YAP HERBEICRE SN T 2w oo, JERE
EWMTH BT A= N0 ERKEMEAEY Capsaspora
owczarzaki \ZIIRFE SN TWAEY., TOYAPFET 7 L
WA eI e vayYav e M
WRBFIZ L D RERT WA, 2 D728, Hippo-YAP #%
B EALIIZIE R S M- MIRR O BEFE I IR T h B &
B TIENTES.
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4, MREOFEMIREZBEMTIT7I7F HREEHRICES
YAP OEMHIE

AARZFENC BV TR AL O IS B4 2 M=
BHOMINBAMEE & Wi L 7R 5. Hillic & 2%
fEARFE D AN HER O F R VAR Ch Y, Eo T
P, JENES S AR SR M 5E  (contact  inhibition)
&) BRI E IR &bﬂ&mw#ﬂ%m%ﬁﬁéck
M6 LRSS, Hippo FE &AL QM X - T
AL S, ﬁM!awrfﬁ%th%%&%;a#m
NTWBY YR, RS S RS
;OTIVLKMMthLMm TWwb, R S
BRFNIZE > TR SN D FRcallamrtoMERE. Hilg
OIEEIIH D —>TH D, N AW L 2L Tl
YAP PEHALL TV T EATRENT VDY, HIEHRWZ
X142, Hippo fEH O FiHBHA T2 LTHESRTw 5%
{DGTH, WA, BEHE, TR A RORIK
HFeLTmohTnsd.,

MR B U 7= o 2 TR R EC S B L T 33
D, ZOX) RIEMIC X B WIE T 2 ML T,
W LEE Vo723 T X F LML) % H8 L Tw
L. ToFrhEOMBNEKAT O LD RYWENE O
BHZHS>TOEN, FOYTFVHRYAP BIL U TAZ #
S L CBINCOMEF BRI R 5 & EASLEN S A1
o7z By 2 ﬂﬁ%ﬁﬁwwﬂ%ﬁwt§@WW®
WREASIE DS - Ch B, SR L4 L CHllaNo 7
7%/ﬁ%®&b#mi@,ww%ivnumﬁ&ﬂ%
FETD. T UF MDD YAP OIEMEALICE D 518
REVE SRR 72 A% A%, Hippo SRR 1Y 72 4805 & IRk
Ty B S SN T b, BEREENC &, W
Mz T, G% »3y HEMLEM (GPCR) ¥ 7
IAGER E Vo lz, TI2F UMD A L AT 7
AN—DOBREFETHHMS YAP OFHALZ FHET 2
ZEPMEEINY. Fo, FRARC B A EEREED
MR T 7 F CHHENERLTBY, BEHEEIC
Lo TR END LM T 7 5 Vg Ds
PThab, N0 &ns, HlLoEMIREBICKE L -
7 7 F MR OBEICIEE LT YAP OIS {LIRE %
L, Ml e, & v oo oMl RkRE % S
LCwbEEZLNA.

1

5. PEFIEE X FIVEIZ L B YAP D ¥ /- 4§l
g

1) 7ZHEFIALIZ KD YAP DHIE
FEO LI, HNEEIZBT B YAP OHIERE L 2

ZIRAT STV B A5, YAP HHEHES 5 BN T Ol FERE
KOWTEAWREP S, AT IOMIZERL, YAP
DRENEAT & T A 002 FUT LTINS BT 5 YAP
DR 2 R L, YAP W27 F {b&h s =
ExRHNZL BT oREE, O YAP O C RuE O
2D ¥ o ERIE (K494 & K497) HY7 & F vAbB fii %

GBI, @DYAP DT EF MK ENICRET LT &
F VALEES CBP. p300 i< Japf?ﬂkﬂlfwxé L QBT
L F WAL &S 1L SIRTL TH 2 @7 5 ik
HSVAPE ”ciDWWWMTmme#Wm#% bl

B2 L7 (K3A). CBP/p300 id YAP & i #f 12 ifiz %5 3
TN LCRET A2 EPMLNTEY, 72, SIRTI
b Ve rT 4y o iz i UClE T8 % WY

LIENFHLhTWA C@Lb,vhbﬂﬁ 21X YAP

D7 L F VALIRIE & §ill i L C. YAPIZ RIS

A 4 =

¥
CBP/p300 S127_
e
K494 K497 SIRT1 ;
B

B3 YAP OEIFIEIEH & MNP R e R

(A) YAP D VAL, TEFNAL, E X F VLB & M
B (B) AR YAP (L) CEEBVYAP (h, TE) o
< A RN R AE.

A
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BRI L TVAURENEZONS.

2) ESAFIALICE D YAP DO

YAPDOT £ F VAL D —D>ThH % KA941E, ¥ av
Vaunzhbe MIELFTHEALEEICERESNRTY
BTI/BBEETHE. HTAlZ Zaph bOT NV —T LD
FIMFFEIZ X D, YAP O K494 D728 7 A FvbE b
ZEEREHLICILA (R3A)Y. BITOMHE, OAF Ik
B2 Set7 A YAP D€/ A F VLB L U ERMEF MR T
DHBE~NORAAEICDETH B &, @Set7 2 KB L
ey AOBE ERICB W CRTERMIfa o % £ 5 R
EVELBIE, OZ ORI TIX YAP OBNIFIEL
TLlE L T ETHOEBRIITET LI LERVAE L.
FERMMEEMIIC BV T Set7 X EICHIREICRBIEL T
LT EMB, YAPDEJ AFVLIZMETELTED,
YAP R BEICHET 520 IEL TWa 2 L AR
ENb, Fi St7T RIPVTATEHES NS RBAE
Hippo BB ORI L o THEUARHB L FMPL T 5.
IS ORERIE, U CEBLBESICIR T, £/ XAF LB
filc & % YAP OBEBERIH O A OB EF EEFICBY
TEEGEHAZHSTHWBE I EARIBL TS,

3) FrFIMEES AFIABEDEFEICEET S
PDZ-binding motif (DAL

YAP DT & F VAL E ) AF VALERL TdH B K494 D C
MO T 3 7 W42, PDZ-BM (PDZ-binding motif)
PEAET D, Fxld®iE, 2O PDZ-BM M EE< Y A
EDFEEMIBIZB T, YAP DBARTEICLATD 5
ZEERWAZLAY(K3B). WEMD YAP (WT) 135
BB THIRREIZRTES 5 4%, Hippo BEEIC L %)
VELEE T 9 = v REICER X872 YAP (5SA) i
HHIcm BETA. Lo L, PDZ-BM % K% L7z YAP
(5SA/APDZ) WEWHNIZBIET HZ LIEITEL V. YAPO®
MIBNBHEZHMT 9T O—D2L LTPDZ FAL ¥ %
H¥ 5 7202 (zonula occludens 2) P|EINTWBY, =
Dz, YAP DT tF WAL/ E 7 A F VLR ED PDZ-
BM OBEICHBE 52, 202% EDOPDZ FAL V&F
FuNsEEOMEEMEEILEES 2 & TYAP OHifE
NBEEZHELTVWATEENEZ LN,

UL UBREITT BT VLB & 2 F VRS & RIS
FBIERTERNIEDNS, U Y UVRBREDCBHIRRROE
s v BOMREZI D BZ A4 v F & LTHLT
BeMAd b, TNFETIT, CAMNCYHIDKIDNT £F L
L& b AF LB ZF, IhbsoBfirss v
VBEOBRDAAL v FOBEEERITIENHLNATY
59 FAQZ, YAPIZBIA KM DT EFVILEE S
AFibd YAP O 2T A A4 v F L LTI A,

FLEHE PR RE O B E R MU N R AE 3 2 48 ) WTREIEASE 2
bhb.

6. BHYIC

WEOY A AHIEREIIRCHAHTH 5 7245, EED
MFEOBEREICL D, JFET A X 25T BN O 51
# (Hippo-YAP ) OEREL, 4+ ofMiErErhT
VBRI (B 2MRANRET A9 THE (7257
MBI L 2HAEROBADPHL R L 2D DDH B,
COE)TMAREEL LT BEYA AHEEE B
TWELERELZEOLZ W, BELRVEMBLNLVO D
DB O ) 2D 2 5 FEREORFA IR SIS,
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EFEETH

O EA (7 Lrob)

HACERARBL A SR FE L (PD), WEHTA

e D N TR U et S

BeEpyl

MBS FE 1983 4R K E LIS AL 2006 4F Y

YN e nu'ﬂ SRR 11 AR QORI

Nl PN NG S T (VR e S R T e
157, 08~1] EH 4>~:»- iy 415 T 25 4 0 oF o2

B (DCL). 11~13 AR R SRl o 3k o 8 JF 92 T AR A 1)

o134 X1 BUGL

WETF—< G NENHARE O I % Hippo B DB

MBIT - TWAhH, MAEIADL KAV - 1 TR 7 K

Elmar Schiebel 7555 & O L[ gE D 7z, R g A

YRR LRI,

WY 7H1 b hup:  www.fu-tokyo.ac.jp~ “seiri
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Hippo-YAPY T F ) ZEEDEE]

Roles of Hippo—YAP signaling pathway for liver formation and liver cancer

.

FERR @ (CRHES

Takanori CHiea'? and Hiroshi NisHiNa'

YRR R B RR IOFETIR A A TR A 2P o F, IR BV AR O RS R N S AR 2

OFfIiEE - ERE - BELEORBEZE LY, EEDEOESCRABROER - Mkl ELBICh - 385
EFHLTSEY, EEOEBEEBICUBERRERE THD. TOHOEGBE2H#IZT IO +2 L FHEE
ERETEILIK, FRORICENLEEY M IFHEST TV, BF, HRABHREERBOUVELDT
%5 Hippo & 7 H RN, EEXBEFTH 5 YAP DFEHFIHENLTTI9XNF YA XE@EEBL TS
ZEWBES LG . Fi, Hippo-YAP ¥V VRRIIFFBRRECIFAEEOREICEMAETIZEHE
HEhTW3. ES5ICRETHIE, & POFEREX/NMNEOEERREICN T 5 Hippo-YAP & 7/ IEIEOEES
ERRTIBERNEMBEBHBCHEEN TS, ABTHIOL S EREDHREERER, TUASLUE
FOFFIC B3 Hippo-YAP ¥ ¥ FILEREROBENC DWW TR T 3.

tgggd i Hippo, YAP, BFYAX, §FE. IBERR

R E LM I BHADIRETH D, 20D
BEAR 2 RGORICTERS T 2, ISRz &
Fo AR 2 e R ITFR: (PGS, IRAES RO,
280 &) TH 5. B, 2R 2 HEss
NSk I g 2 & LI X DIREY B, JWEE, IF
ZRURT A IET AR E R & S @iz h
T3 H, WETLLE 8 & h R biEh 215
T2E, 29 LEANIEEROHIEH D & SN aefiiric
WAL BT, e s8Ed 5, hET
I OMIEEE R 2 A B = XL ERPTH - 7
28, MEEEIC R DA KR o0 b B,

w’} Hippo-YAPZ I JL#E8

Hippo ¥ 7'+ V£ 1X mammalian Ste20-like
kinase 1/2(MST1/2), large tumor suppressor
1/2(LATS1/2), salvador 1{SAV1), mps one
binder 1a/1b(MOBIA/IB)IC & Wil EnTE
D, Hippo ¥ 7 F BB BELERTTH 3
YAP% Y b 5 Z ik b fucllilis 2 (=1),

P

@D e
D

l Hippoi 73 # 8 l

o ffaixmmrEE

o E R

» Bk
*FFEROKS b £

1 HFWLAOMBEEEH8Y 3Hippo-YAPY 71 ILEERE

MER & Hippo & 7' 7 MR D LHSr7¢H H, Hippo
ST F VAR YAP AT T 3. YAP 264 Dl
s 25| &1 $TRET OB T3,

ES05Ma Vol 251 No. 5 2014.11.1 | 405
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+Dox

#15% #925%

—Dox (%%YAPN%@?%)
+Dox
SEFELLE
—-—_»
FER/(ER FER/RER LS bty

B 2 SHRYAPRIEZJZMIC L BIFOH 4 Xk & IFESE
Dox (A /M4 YAP ZIBFISEH T 3 Te <7 AQNF, BT 58 3 TG0
ArNH 5% R TH B, Dox #8535 £ BBIHNT B, LirL, Dox Df

Lot 3 S0y 4 ZkmiciE s, —7,
HTdilsgA34: © 3,

Hippo ¥ 7' F WEEHRHIC X » TV VL X i YAP
GHEE I R ok Ens. —7h, VU
L% Tk YAP (GHER & U T CHliR
BRT AL, YAPKENDBEBETRI2E
42, Hippo ¥ 7 F Ao REMN Lo T
ELT, b b DA o FRRET & L
TRISE SN/ neurofibromaiosis type 2(Nf2) M5
T-H3a— F¥ 5 EEH merlin(MER) 2340 5 41T
W5, Hippo-YAP ¥ 7 Ui, fllgr ~n
DL & L CHIRAL,  AlEiE il B 53 (contact
inhibition), _=fZIHZE R (epithelial mesenchy-
mal transition), WHINAHERE, ¥ X CITHIIEO
Sk W hinb B I LA IR TRB!Y,

% Hippo-YAPY JFH)URIRIC LD
AR O ZADFFT 1 Xl & S

2007 B Dong ik, Fx> ¥4 71U v (Dox)
WEFEMNIITFT YAP 2R T2 P 7 v AP
=y 2 (T = ARELLENE2), ATg
7 AZEWT Dox L7 2 &, IOV A XH3UF
ey A LKL TS fricE T L %, T
DY A4 XiE B & “fllokEE” Kk
DESESNSD, A Tge Ak bic “Wlgo
B oW DITOH9 A AR LTnwB I L
BES &R o, RN &I, ZORKL
WD A Atk Dox 5% 1E$ 3 LIt R 3,
Thbb, YAPIZ K B0 4 Xl ATy
THHIEWREINT, —7, MM DR
Mz 72D Dox 2185 LT 72K Tg = 7 R 3F

&SHINBL L Dox & FEftiicis ¢35 &

Wl % S8 L 22, LRSS, YAP 12 “M
Nao#” RS 2 2 210 X bIFOF A4 X e
LY, oA Ao RIS 272 % ke
BT ERER LB 6NS,

2009 4EBLIEIC 1, Hippo > 7' L iRBE DRER 5>
FRITERMC /vy 27277 F(KO) Lz T AD
RT3 > EOE L WHE SN TE/(F 1), MSTI
& MST2 D3 D HFRFEL 7 KO = 7 AL Up A
Dy ALK L TR 2 A OB TITOW 4
SR E TR L, B2 3~6 A HICBWT
I g a’ﬁfaﬁ:'& BT EDPERDIN—TIZED
RENSTT SAVI DITFRENE KO w7 Atk
?&4 A1 um:rfﬂ DY A AN 15 R RIK

L, E512~14 7 B 2 2 & TS0 I 8l s

%m¢%m.ésk,ﬂuawTMDmAﬂB
BRAAL Fee D AGEH 17 A T A% 7
929 %7, Hippo ¥ 7 F VKO LT
T%H % MER DR KO < 7 23T 4
RDI5~T ERALICHER L, BB T7T~12 8 AiIcB W

T = HEL A s & 6 3 21010, Bl ko
& 92, Hippo ¥ 7" VM O T Lt sy
FDKO=Y AR YAP Tgew A & RSN DY
A AR UIHEZIET 22 MBS E -
7=,

{}wm%&%%ﬁﬁovvzﬁ%mmﬂm
v AFOFEL IR 8 H(E8) I A, HilkA
BHE T D F 2 M#&ﬁén% L&hiaLE
3. IWOFELEDMR AR, FRIEE DM
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% 1 Hippo-YAPY J I EBEBERSTFORIGFEE VT AOERRE

5 METWE= Y A T8 A4 X | TR | 3CiEk
. N2 - + 23)
MER Alb-Cre N2 + + 1011)
Mst] ™/~ Mst2t!~*! + + 5)
Mstl*/™ Mstz™/~*2 + + 524}
Alb-Cre Mst1™/~Mst2"" + + 5)
MSTL/2 | Ad-Cre Mst]l™/~Mst27~ + + 5)
Alb-Cre Mst1V'Ms2! + + 6)
Alb=Cre Mst] ="~ Mst2V~ + Al 7)
CAGGS-CreER Msil ™'~ Mst2V~ + + 7)
Sav*’™ - + 8)
SAVI Alb~Cre Sav1™ + + 6.8)
MMTV-Cre Savl™* > Sl + 6)
CAGGS-Cre ER Suvl¥! AEIK + 6)
MOBLA/IB | Mobla™*Mobl b/ **3 AR + 9
VAP Tg:ApoE/ITA + + 4)
Tg:LAP/ITA + KAl | 25)
HMStZDF VARISED B EEBRESBIE NS,
¥ Mstl D7 LRI L B L RIS,
*3: Moblb D7 L AREDL B ERBMSRIEE NS,
44308
PIE B ORE
/
4R
TYX e
PSRN

A, RIS OB & L CIilE, E155 2
A IR o B e 4 5 IR T RN IE A & JHE AR IR EHOMZE IR D A ENITHNIEE L2,
{(ductal plate) 28ER &4, HZAERTIC ductal plate

3 FFESEMNYAP KO RLEITATRIBSRERBOFT
S U 1y RSB B IEE AP GAR, E185 T ductal plate iz & H ¥
MRS Z , A4 30 WU IR T A I PN IAY ST & B,
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Lysophosphatidic acid (LPA) and sphingosine-1-phos-
phate (SIP) are second-generation lysophospholipid
mediators that exert multiple biological functions
through their own cognate receptors. They are both
present in the blood stream, activate receptors with
similar structures (endothelial differentiation gene re-
ceptors), have similar roles in the vasculature and are
vasoactive. However, it is unclear whether these lyso-
phospholipid mediators cross-talk downstream of each
receptor. Here, we provide in vivo evidence that LPA
signaling counteracted S1P signaling. When autotaxin
(Atx), an LPA-producing enzyme, was overexpressed in
zebrafish embryos by injecting azx mRNA, the embryos
showed cardia bifida, a phenotype induced by down-
regulation of S1P signaling. A similar cardiac pheno-
type was not induced when catalytically inactive Atx
was introduced. The cardiac phenotype was synergistic-
ally enhanced when antisense morpholino oligonucleo-
tides (MO) against S1P receptor (sIpr2/mil) or S1P
transporter (spns2) was introduced together with arx
mRNA. The Atx-induced cardia bifida was prominently
suppressed when embryos were treated with an Iparl
receptor antagonist, Kil6425, or with MO against
Iparl. These results provide the first in vivo evidence
of cross-talk between LPA and S1P signaling.

Keywords: lysophosphatidic acid/sphingosine-1-phos-
phate/autotoxin/zebrafish/cardia bifida.

Abbreviations: Atx, autotaxin; ¢mlc2, cardiac myosin
light chain 2; Edg, endothelial differentiation gene;
hpf, hours post fertilization; LPA, lysophosphatidic
acid; LPC, lysophosphatidylcholine; MO, antisense
morpholino oligonucleotides; ROCK, Rho kinase;
S1P, sphingosine-1-phosphate.

Lysophosphatidic acid (LPA) and sphingosine-1-phos-
phate (S1P) are lysophospholipid mediators with a
number of similar characters. First, the structures of
LPA and S1P are quite similar. Second, they are both
present in various biological fluids such as plasma,
serum and cerebrospinal fluids (/—4). Third, they
share similar receptors: three LPA receptors
(LPA,_;) and all five SIP receptors (S1P;_s) belong
to the endothelial differentiation gene (Edg) family
and share ~35% sequence similarity with each other,
although LPA has an additional three receptors be-
longing to the P2Y family (5). Fourth, they have sev-
eral similar functions that have been demonstrated
both in vivo and in vitro. They both stimulate cell pro-
liferation and motility of various cell types (6). They
also have critical roles in the vasculature (7—9) and are
vasoactive (70, 17). Indeed, LPA and SIP regulate
blood pressure, both positively and negatively
(12, 13). Thus, LPA and SIP appear to share
common features and have similar biological roles.
However, it is unclear whether there is an interaction
between LPA and SIP signaling. Genes involved in
LPA and S1P signaling including receptors, producing
enzymes, degrading-enzymes and transporters are
highly conserved in vertebrates. For example, zebrafish
and mammalian autotaxin (Atx) have ~65% amino-
acid identity and have similar biochemical and biolo-
gical roles (/4). Recent studies of zebrafish and mouse
mutants revealed the essential cardiovascular functions
of S1P signaling through the SI1P transporter spns2 are
conserved from fishes to mammals (/5—179). These stu-
dies have indicated that zebrafish is a useful model
organism for elucidating LPA and S1P functions. It
may be possible to examine the interaction between
LPA signaling and S1P signaling in zebrafish embryos
by manipulating the expressions of several genes sim-
ultaneously. In this study, we investigated the func-
tional interaction between LPA signaling and SIP
signaling by manipulating LPA- and S1P-related
genes in zebrafish. Here, we describe the first in vivo
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evidence showing that LPA signaling affects S1P
signaling.

Materials and Methods

Maintenance of zebrafish and drug treatment

Wild-type strain (AB, TU) and transgenic (cmlc2:mRFP) were
obtained from the Zebrafish International Resource Center
(University of Oregon, Eugene, OR) and National BioResource
Project, Zebrafish (Riken Brain Research Institute, Wako, Japan).
Fish were maintained at 27—-28°C under a controlled 13.5-h light/
10.5-h dark cycle. Embryos were obtained from natural spawnings
and staged according to morphology as described (20). Kil6425
was diluted in embryo media supplemented with 1% DMSO and
added to zebrafish embryos between 12-h post-fertilization (hpf)
and 24 hpf.

mRNA and morpholino injection

The sequences of antisense morpholino oligonucleotides (MO)
(Gene Tools, LLC, Corvallis, OR) were designed as previously
described (74, 16, 21). The mRNAs for zebrafish wild-type atx, cata-
lytically inactive atx (T205A) and mouse wild-type a/x were synthe-
sized using mMESSAGE MACHINE kit (Ambion, Austin, TX).
Morpholinos and synthetic mRNAs were dissolved in water with
0.2% phenol red. Synthetic mRNAs were injected into the
blastomere of one cell stage embryos. Morpholinos were injected
into the yolk of 1-8 cell stage embryos.

Whole-mount in situ hybridization

An antisense RNA probe labeled with digoxigenin for ¢mlc2 was
prepared with an RNA labeling kit (Roche Applied Science.
Penzberg, Germany). Whole-mount in siru hybridization was
performed as previously described (22).

Evaluation of LPA receptor activation

Activation of LPA receptor was evaluated by a transforming growth
factor-o. (TGFo) shedding assay as described previously (23, 24).
Briefly, each zebrafish LPA receptor gene was introduced into
HEK 293T cells together with DNA encoding TGFa fused to alka-
line phosphatase. Upon the addition of a ligand for LPA receptors,
the TGFa proform expressed on the plasma membrane was cleaved
by tumour necrosis factor o converting enzyme (TACE) proteases
endogenously expressed in HEK293T cell and thereby released into
the culture medium. Then, the activation of LPA receptor was eval-
uated by measuring the alkaline phosphatase activity in the condi-
tioned medium of the cells.

Measurement of lysophospholipase D activity and Western
blotting

Twenty-eight hours after injection, embryos were deyolked as
described previously (/4) and homogenized in lysis buffer [10 mM
Tris-HCI (pH 7.4), 10% Triton X-100, 10 pg/ml PMSF, 50 ug/ml
Leupeptin, 50 pg/ml Aprotinin] using an ultrasonic homogenizer
(Smurt NR-50M; Microtec Nition, Funabashi, Japan). The hom-
ogenate was sequentially centrifuged at 21,500 x g and the resulting
supernatant was collected. Protein concentration was measured with
BCA Protein Assay Reagent (Thermo, Waltham, MA) and Spg of
protein was used for each of lysophospholipase D assay and Western
blotting. Lysophospholipase D activity was measured as described
previously (25). Briefly, the extracts were mixed with 14:0 lysopho-
sphatidylcholine (LPC) (100mM Tris-HCI, 5mM MgCl,, 500 mM
NaCl, 0.05% Triton X-100, pH 9.0) and incubated for 66 h at 37°C.
Liberated choline was quantified using choline oxidase (Wako,
Osaka, Japan), peroxidase (TOYOBO, Osaka, Japan) and TOOS
reagent (Dojindo, Kumamoto, Japan). The activity was indicated
by the generation rate of choline per unit time and protein mass
(pmol/ug/h). Western blotting was performed using anti-zebrafish
Atx rat polyclonal antibody that was generated as previously
described (/4). Proteins bound to the antibody were visualized
with an enhanced chemiluminescence kit (GE Healthcare,
Waukesha, WI).
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Microscopic analysis and live imaging

Embryos were positioned in 3% methylcellulose (Sigma) on slide
glass. Images were captured with a Leica M80 stereomicroscope
equipped with Leica DFC425 digital camera (Leica Microsystems,
Wetzlar, Germany).

Results

Overexpression of Atx enhances the cardia bifida
phenotype in zebrafish embryos

We previously showed that down-regulation of Atx in
zebrafish embryos resulted in malformation of the
vasculature (/4). When we tried to rescue the pheno-
type by injecting mRNA encoding zebrafish arx in the
embryos, we accidentally found that introduction of
atx mRNA resulted in an abnormal heart formation
(Supplementary movies S1 and S2). Compared with
control embryos, blood flow and heart beating were
severely impaired at 36 hpf. This phenotype is known
as a two-heart or cardia bifida phenotype. In addition,
at 54 hpf the tail region of the embryos frequently had
blisters (Fig. 1E and F). These are the most character-
ized phenotypes in previous studies when S1P signal
via either S1P receptor (sipr2/mil) or SI1P transporter
(spns2) is attenuated (/5—17). To examine the cardia
bifida phenotype in more detail, we visualized cardio-
myocytes by whole-mount in situ hybridization using
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Fig. 1 Overexpression of Atx causes cardia bifida phenotype and tail
blisters in zebrafish. Effect of Atx overexpression on the heart for-
mation was examined by whole-mount in sifu hybridization using
cmle2 probe (A—D). The phenotypes of cardia bifida (arrowheads) at
24 hpf and tail blister (arrows) at 54 hpf were observed in embryos
injected with either wild-type zebrafish azx mRNA (B, F) or mouse
atx mRNA (C, G), which was not observed for catalytically inactive
zebrafish arx (T205A) mRNA (D, H). (I) Percentage of embryos
with cardia bifida phenotype. The number of tested embryos and the
amount of mRNA per embryo are listed above and below the graph,
respectively. Figures were selected as representative data from three
independent experiments.

— 171 —



A 12
£10
g_’ 8
° 6
Ea
2
0 n
0 010 030 0.70 1.4
atx mRNA (ng)
B
axmRNA -, 940 030 070 14
(ng) ;
Atx
1.00 195 255 7142 937
* * * * *
007 003 002 026 037
tubulin

Fig. 2 Expression of Atx in zebrafish embryos injected with arx
mRNA. Atx enzymatic activity (A) and protein (B) in embryos in-
jected with atx mRNA were examined. The enzymatic activity and
the protein levels were analyzed by measuring the lysophospholipase
D activity in the total lysate of the embryos using LPC as a substrate
and Western blot analysis using zebrafish Atx-specific antibody, re-
spectively. The intensity of the bands was determined by densito-
metrical analysis and the results were shown as the mean = standard
derivation of Atx/tubulin ratios (arbitrary units. n=3).

cardiac myosin light chain 2 (¢mlc2) probe. At 24 hpf,
in control embryos, cardiomyocytes were detected in
one cluster in the center of the embryos, whereas two
clusters of cardiomyocyte were detected in atx mRNA-
treated embryos (Fig. 1A and B). Similar cardia bifida
and tail blister phenotypes were also observed in em-
bryos treated with mouse azx mRNA (Fig. 1C and G).
Both lysophospholipase D activity and zebrafish Atx
protein increased with the dose of injected arx mRNA
(Fig. 2A and B) and the phenotype was observed when
atx mRINA higher than 0.03 ng was employed (Fig. 11).
The cardia bifida phenotype required catalytic activity
of Atx because either the cardia bifida phenotype or
tail blister phenotype was not induced when mRNA
for catalytically inactive zebrafish arx (T205A) was in-
jected (Fig. 1D, H and I), suggesting that the cardia
bifida phenotype was induced via the product of Atx,
that is LPA.

Down-regulation of S1P signaling enhances the
Atx-induced cardia bifida phenotype

To address the possible link between SIP and LPA
signaling, we examined the Atx-induced cardia bifida
phenotype when S1P signal was attenuated. We in-
jected arx mRNA simultaneously with mil or spns2
MO. First we injected MO for either mil or spns2
and confirmed that significant cardia bifida phenotype
was induced at MO concentrations 3.2ng or more
(mil), and 5.0ng or more (spns2), but rarely observed
at MO concentrations lower than these dosages
(Fig. 3A—E and K). Intriguingly, injection of a low
dosage of mil (1.6ng) or spns2 (1.0ng) MO with atx
mRNA (0.1 ng) induced an even more severe bifida

Cross-talk between LPA and S1P signaling in zebrafish

phenotype (Fig. 3F, G, I, L and M). Indeed, only
7.0% and 3.0% of embryos displayed the cardia
bifida phenotype in mil and spns2 MO-treated em-
bryos, respectively, whereas 90% and 60% of embryos
displayed the phenotype when arx mRNA was co-
injected. We observed that the tail blister phenotype
was also synergistically induced when atx mRNA was
co-injected (data not shown). This synergistic effect by
atx mRNA was catalytically dependent since mRNA
for catalytically inactive zebrafish arx (T205A) did not
show such effect (Fig. 3H, J and N).

LPA; mediates Atx-induced cardia bifida

To confirm the involvement of LPA signaling in Atx-
induced cardia bifida, we next tried to identify the LPA
receptor mediating the Atx-induced cardia bifida.
Addition of a LPA,_; antagonist Kil6425 in embryo
medium, which also worked on zebrafish Lpar1—3 (14),
significantly decreased the occurrence frequency of the
cardia bifida phenotype induced by injecting arx
mRNA and mil MO in a dose-dependent manner
(Fig. 4A). We recently showed that (R)-Kil6425 was
more potent in antagonizing mammalian LPA;_; than
(S)-Ki16425 (26). We also confirmed that this is also
true for zebrafish Lparl-3 (Fig. 5). Consistent with
this, the cardia bifida phenotype was effectively rescued
by (R)-Kil6425, but not by (5)-Kil16425 (Fig. 4B). We
further confirmed that the /par/ MO partially rescued
the cardia bifida phenotype induced by co-injection of
atx mRNA and mil MO (Fig. 4C). The rescue was not
observed with /par2—6 MO (data not shown). Together,
these findings indicate that the cardia bifida phenotype
induced by Atx overexpression in zebrafish embryos is
mediated by overproduction of LPA and consequent
activation of mainly Lparl. Thus, these results
showed that azx mRNA treatment affected cardiomyo-
cyte migration that is regulated by SIP signaling in
zebrafish embryos at least through Lparl.

Discussion

In this study, we found that excess LPA signal in
zebrafish embryos led to cardia bifida (two heart)
phenotype. Because the same phenotype was induced
when S1P signaling was down-regulated, we explored
the functional interaction between LPA and S1P sig-
naling in the zebrafish heart morphogenesis and found
that LPA signaling down-regulated the SIP signaling
that led to the cardia bifida phenotype. To our know-
ledge, this is the first to demonstrate the functional
interaction between LPA and S1P signaling.

Among various LPA receptors Lparl appeared to be
involved in the LPA-induced cardia bifida phenotype.
First, the cardia bifida phenotype induced by the co-
administration of arzx mRNA and mil MO was almost
completely rescued by Kil6425 (Fig. 4A and B), which
were found to antagonize all Edg LPA receptors in zeb-
rafish including Lparl, Lpar2a, Lpar2b and Lpar3 (Fig.
5). Unlike lpar2a, Ipar2b and [par3, down-regulation of
Iparl alone rescued the cardia bifida phenotype, show-
ing that Lparl is the major LPA receptor involved.
Second, we speculate that the functional interaction be-
tween LPA and S1P signaling occurs downstream of
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Fig. 3 Cardia bifida phenotype induced by overexpression of Atx was dramatically enhanced when S1P signaling was attenuated. Effect of mil and
spns2 down-regulation on cardia bifida phenotype induced by overexpression of Atx was examined. The cardia bifida phenotype was evaluated
by whole-mount in situ hybridization using cmlc2 probe at 24 hpf. Cardia bifida phenotype was induced at high concentration of mi/ (8.0 ng) or
spns2 (5.0ng) MO (B, D). Low mil (1.6 ng), low spns2 (1.0 ng) MO and low arx mRNA rarely induced cardia bifida phenotype (C, E, F), whereas
co-injection of low mil or spns2 together with arzx mRNA induced significant cardia bifida phenotype (G, 1). These synergistic effects were not
observed when catalytically inactive arx (T205A) mRNA was co-injected (H, J). (K—N) Percentage of embryos with cardia bifida phenotype was
shown. The number of tested embryos, and types of mRNA and MO injected were listed above and below the graph, respectively. K. Dose-
dependent increase in the occurrence frequency of the cardia bifida phenotype showing that the phenotype was rarely induced at low dose of MO
[1.6 ng (mily and 1.0 ng (spns2)]. (L, M) Effect of S1P signal down-regulation on Atx-induced cardia bifida phenotype. Down-regulation of S1P
signal was induced either by injecting MO for mil (L) or spns2 (M). Percentage of embryos with cardia bifida phenotype was dramatically
increased when arx mRNA was injected with MO for mil (L) or spins2 (M) (*¥*P <0.001 by x*-test). (N) The synergistic effect of azx mRNA and
S1P-related genes (mil and spns2) requires catalytic activity of arx as catalytically inactive a/x mRNA did not show the synergistic effect. Figures
were selected as representative data from three independent experiments.
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Fig. 4 Cardia bifida phenotype induced by Atx overexpression was mainly mediated by Lparl. (A, B) Effect of Kil6425 on Atx-induced cardia
bifida phenotype in embryos injected with atx mRNA (0.1 ng) and mil MO (1.6 ng). Kil6425 attenuated cardia bifida phenotype in dose-
dependent (A) and enantio-selective (B) manners. (C) Cardia bifida was also recovered by injection of Ipar! MO (¥**P <0.001 by x>-test). NS,
not significantly different between the two (P>0.05). The number of tested embryos was listed above the graph. Figures were selected as
representative data from three independent experiments.
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Fig. 5 (R)-Kil6425 is potent in antagonizing zebrafish LPA receptors. Activation of the four zebrafish Edg LPA receptors was evaluated by a
TGFu shedding assay, in which the activation of each receptor is transduced into TGFa ectodomain shedding. Briefly, HEK293T cells were
transfected with cDNAs for each LPA receptor (Lparl, Lpar2a, Lpar2b and Lpar3), and the amount of alkaline phosphatase (AP)-tagged TGFa
released upon LPA stimulation in the presence or absence (open circle) of Kil6425 compounds was determined by measuring AP activity of the
culture cell supernatant. (R)-Ki16425 (open square) was more potent in antagonizing each LPA receptor than (S)-Kil6425 (closed square). The
activity of racemic Kil6425 [(RS)-Ki16425, closed circle] was also shown. Data represent the means =+ standard derivation of triplicate values and
are representative of three independent experiments.
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each LPA (lparl) and S1P (mil) receptor. Mil is the
zebrafish ortholog of mammalian s/pr2. A body of evi-
dence showed that LPA | mainly activates Go;-Racl sig-
naling whereas S1P, mainly activates Gaz/3-RhoA
signaling (5, 27). Interestingly, Goy-Tiam1-Racl path-
way downstream of LPA | was shown to inhibit Goy3-
mediated RhoA activation in various cell types (28—30).
Moreover, RhoA and its downstream effector Rho
kinase (ROCK) were shown to be essential in cardiac
cell migration in both mice and zebrafish (317, 32). Thus,
excess Racl activation downstream of LPA-Gg; sig-
naling might interfere with the RhoA-ROCK activation
downstream of mil-Go5;13 signaling, leading to the car-
diac cell migration defect and the two heart phenotype.
Third, we speculate that endoderm cells are the cells in
which the functional interaction occurs. It was reported
that the endoderm cells that are associated with migrat-
ing cardiac cells expressed significant amount of sipr2/
mil mRNA (15, 27). In addition, the endoderm cells are
in the vicinity of yolk syncytial layer that expresses
spns2 and thus produces S1P (16). Lparl and sipr2/
mil showed a similar expression pattern in the heart
field of developing zebrafish embryos (27), supporting
the hypothesis.

We also examined if endogenous LPA signaling
down-regulates SI1P signaling. However, the mil or
spns2 MO-induced cardia bifida phenotype was not
rescued by /parl MO or Kil6425 (data not shown),
suggesting that endogenous LPA; signaling does not
suppress the S1P signaling in zebrafish cardiac cell mi-
gration. Recently, several studies have indicated that
excessive Atx-LPA, signaling leads to the development
of several chronic diseases such as lung fibrosis
and arthritis (33—35). It is interesting to examine if
S1P signaling is suppressed in such diseases and
up-regulation of S1P signaling leads to the treatment.

In conclusion, we found two opposite effects of LPA
and SIP signaling in zebrafish cardiomyocyte migra-
tion. The present results raise the possibility that LPA
signaling acts as a modulator of SIP signaling in vivo.
Further analyses will be necessary to elucidate the pre-
cise molecular mechanism of the interaction between
LPA and SIP signaling at the cellular level.
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Screening with a Novel Cell-Based Assay for TAZ Activators Identifies
a Compound That Enhances Myogenesis in C2C12 Cells and
Facilitates Muscle Repair in a Muscle Injury Model
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Japan®

The transcriptional coactivator with a PDZ-binding motif (TAZ) cooperates with various transcriptional factors and plays vari-
ous roles. Immortalized human mammalian epithelial MCF10A cells form spheres when TAZ is overexpressed and activated. We
developed a cell-based assay using sphere formation by TAZ-expressing MCF10A cells as a readout to screen 18,458 chemical
compounds for TAZ activators. Fifty compounds were obtained, and 47 were confirmed to activate the TAZ-dependent TEAD-
responsive reporter activity in HEK293 cells. We used the derived subset of compounds as a TAZ activator candidate minilibrary
and searched for compounds that promote myogenesis in mouse C2C12 myoblast cells. In this study, we focused on one com-
pound, IBS008738. IBS008738 stabilizes TAZ, increases the unphosphorylated TAZ level, enhances the association of MyoD with
the myogenin promoter, upregulates MyoD-dependent gene transcription, and competes with myostatin in C2C12 cells. TAZ
knockdown verifies that the effect of IBS008738 depends on endogenous TAZ in C2C12 cells. IBS008738 facilitates muscle repair
in cardiotoxin-induced muscle injury and prevents dexamethasone-induced muscle atrophy. Thus, this cell-based assay is useful
to identify TAZ activators with a variety of cellular outputs. Our findings also support the idea that TAZ is a potential therapeu-

tic target for muscle atrophy.

he transcriptional coactivator with a PDZ-binding motif

(TAZ, also called WWTRI) was identified as a 14-3-3-binding
protein (1-3). Itis similar to Yes-associated protein 1 (YAP1) in its
molecular structure, which consists of an N-terminal TEAD-
binding domain, one or two WW domains, and a transcriptional
activation domain (4). The Hippo pathway is a tumor suppressor
signaling pathway that was initially identified in Drosophila (2, 5,
6). TAZ is phosphorylated at four sites by large tumor suppressor
kinase 1 (LATS1) and LATS2, which are core kinases of the Hippo
pathway (1-3). Phosphorylated TAZ is trapped by 14-3-3, is re-
cruited from the nucleus to the cytoplasm, and undergoes protein
degradation (1-3). In this way, the Hippo pathway negatively reg-
ulates TAZ. In addition to the Hippo pathway, TAZ is regulated by
cell junction proteins such as ZO-1, ZO-2, and angiomotin (7-
10). Recent studies have revealed that TAZ is under the control of
the actin cytoskeleton and the mechanical stretch (11-13). More-
over, Wnt signaling stabilizes TAZ (14-16). Conversely, cytoplas-
mic TAZ binds B-catenin and Dishevelled (DVL) and inhibits
{-catenin nuclear localization and DVL phosphorylation to neg-
atively regulate the Wnt pathway. This shows that TAZ plays a
pivotal role in the cross talk between the Hippo pathway and the
Wnt pathway.

In human cancers, the Hippo pathway is frequently compro-
mised, resulting in TAZ hyperactivity (6). TAZ gene amplification
is also detected in cancers (17-21). TAZ hyperactivity causes epi-
thelial-mesenchymal transitions (EMT) and provides cancer cells
with stemness (22-26). Hence, TAZ is considered a potential can-
cer therapeutic target. The transforming ability of TAZ is attrib-
uted mostly to the interaction with TEAD and Wbp2 (22, 27-29).
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Besides TEAD and Wbp2, TAZ interacts with numerous tran-
scriptional factors. TAZ interacts with thyroid transcription factor
1, Pax8, and T-box transcription factor 5 and is important for
lung, thyroid, heart, and limb development (30, 31). It also inter-
acts with p300 (31). In human embryonic stem cells, TAZ inter-
acts with SMAD?2, -3, and -4 and is essential for the maintenance
of self-renewal (16, 32, 33). In mesenchymal stem cells, TAZ in-
teracts with peroxisome proliferator-activated receptor vy and
Runx2 to suppress adipogenesis and promote osteogenesis (34,
35). In skeletal muscles, TAZ interacts with transcriptional factors
that are implicated in myogenesis. It binds the key myogenic reg-
ulators Pax3 and MyoD (36, 37). TEAD binds to the so-called
MCAT elements (muscle C, A, and T; 5'-CATTCC-3") in muscle-
specific genes such as that for myogenin (38). Although SMAD2
and -3, which are TAZ interactors, mediate the inhibitory signal of
myostatin in muscle cells (39), TAZ is overall regarded as a myo-
genesis-promoting factor. This makes a sharp contrast with YAPI,
whose activation induces muscle atrophy (40, 41).
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Sarcopenia is a skeletal muscle atrophy associated with ageing
(42). Sarcopenia deprives elderly populations of the ability to live
independently and will be a major health concern in industrialized
countries. Appropriate exercise and nutrition are key factors in the
prevention and treatment of sarcopenia. However, the development
of drugs to increase skeletal muscles is also required. Satellite cells are
considered skeletal muscle progenitor cells and a major source to
regenerate muscle tissue in adults. Although the role of TAZ in the
maintenance of muscle satellite cells remains to be clarified, consid-
ering the potential role of TAZ in myogenesis, we expected that TAZ
activators are beneficial for the therapy of sarcopenia. We established
a cell-based assay for TAZ activators, screened 18,458 chemical com-
pounds, and obtained 50 TAZ activator candidates. We subsequently
selected compounds that promote myogenesis in mouse C2C12
myoblast cells and finally focused on one compound that facilitates
muscle repair in an injury model and prevents dexamethasone-in-
duced muscle atrophy.

MATERIALS AND METHODS

DNA constructs and virus production. The pLenti-EF-ires-blast,
pClneoFH, and pClneoHA vectors were described previously (43-45). A
TAZ SA mutant, in which serine 89 is mutated to alanine, was prepared by
the PCR method. plenti-EF-FH-TAZ and TAZ SA-ires-blast were prepared
by subcloning Nhel/Sall fragments from pClneoFH-TAZ and pClneoFH-
TAZ S89A into the pLenti-EF-ires-blast vector. The BLOCK-iT Pol Il miR
RNA interference (RNAi) expression vector kit (Invitrogen) was used to
generate pcDNA knockdown constructs for human LATSI and LATS2.
The target sequences were a 1,074-bp site of LATS1 (AF104413.1) and a
1,598-bp site of LATS2 (AF207547.1). The annealing oligonucleotides
were ligated into the pcDNA 6.2-GW/miR vector according to the man-
ufacturer’s protocol to generate pcDNA 6.2 LATS1 KD and pcDNA 6.2
LATS2 KD. A BamHI/Xhol fragment was isolated from pcDNA 6.2
LATS2 KD and ligated into the Bglll/Xhol sites of pcDNA 6.2 LATS1 KD
to generate pcDNA 6.2 LATS1/2 KD. PCR was performed on pBudCE
with primers H1674 (5'-ATCGATGTCGAGCTAGCTTCGTGAG-3")
and H1675 (5'-ACTAGTCTCGAGACCACGTGTTCACGACACC-3") to
amplify the elongation factor (EF) promoter. The PCR product was di-
gested with Clal and Spel and ligated into the same sites of pLenti4/TO/
V5-DEST to replace the pPCMV/VO promoter with the EF promoter and
to generate pLenti4-EF/V5-DEST. The pLenti-EmGFP LATS1/2 KD vec-
tor was generated by using the ViraPower T-REx lentiviral expression
system from pcDNA 6.2 LATS1/2 KD and pLenti4-EF/V5-DEST. The
Nhel/Notl fragment from pBudCE4.1 was ligated into the Xbal/Notl sites
of pQCXIP (Clontech) to generate pQCXIP EF. The linker (H3142 [5'-G
GCCGCTCGAGTTTAAACAATTGGATCC-3"] and H-3143 [5'-AATTG
GATCCAATTGTTTAAACTCGAGC-3']) was subcloned into the Notl/
EcoRI sites to generate pQCXIP EF H3142/H3143. The Bglll/Notl
fragment from pClneo mCherry was ligated into the BgllI/Notl sites of
pQCXIP EF H3142/H3143 to generate pQCXIP mCherry, which was di-
gested with BamHI/EcoRYV, filled in, and religated to remove the internal
ribosome entry sites and the puromycin resistance gene. The resulting
vector was named pQCXI mCherry. pLenti-siRNA-GFP (Applied Biolog-
ical Materials Inc.) was digested with Spel/Mlul. The isolated green fluo-
rescent protein (GFP)-2A-puro fragment was subcloned into Nhel/Mlul
sites of pClneo to generate pClneo GFP-2A-puro, which was subsequently
digested with BgllI/Mlul. The isolated fragment was ligated into the BglIl/
Mlul sites of pQCXI mCherry to generate pQCXI GFP2A-puromycin.
WWTR1 mouse pRFP-RS short hairpin RNA (shRNA) (TF505533,
561750; OriGene) was purchased, and PCR was performed with prim-
ers H3163 (5'-CAATTGAATTCCCCAGTGGAAAGACGCGCA-3') and
H3164 (5'-ACGCGTCTCGAGCCTGGGGACTTTCACAC-3') to am-
plify the U6 promoter and the target sequence. The PCR product was
subcloned into the TAKN2 vector (BioDynamics Laboratory Inc.) and
digested with Mlul/Notl. The isolated fragment was ligated into the Mlul/
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Notl sites of pQCXI GFP2A-puromycin. The vector was cotransfected
with the pCL10A-1 retrovirus packaging vector into HEK293 cells to gen-
erate retrovirus for mouse TAZ knockdown. Lentivirus was generated as
described previously (46).

Antibodies and reagents. The rat anti-YAP monoclonal antibody
used was described previously (43). The following antibodies and reagents
were obtained from commercial sources. The mouse anti-TAZ (560235),
mouse anti-MyoD (554130), mouse anti-poly(ADP-ribose) polymerase
(anti-PARP) (51-6639GR), mouse antifibronectin (610077), mouse anti-
E-cadherin (610181), and mouse anti-N-cadherin (610921) antibodies
and Matrigel were from BD Pharmingen. The rabbit antimyogenin (sc-
576), rabbit anti-MyoD (sc-760), and mouse antivimentin (sc-6260) an-
tibodies were from Santa Cruz. The mouse anti-myosin heavy chain (anti-
MHC) (MF20), mouse anti-Pax7, and mouse anti-Pax3 antibodies were
from the Developmental Studies Hybridoma Bank, University of lowa.
The rabbit antilaminin (L9293), mouse anti-a-tubulin (T9026), and
mouse anti-FLAG M2 (F3165) antibodies; Hoechst 33342; Naja mossam-
bica cardiotoxin; dexamethasone (C9759); epidermal growth factor
(E9644); insulin (I5500), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were from Sigma-Aldrich. Basic fibro-
blast growth factor (064-04541) and Phos-tag acrylamide were from
Wako Chemicals. The mouse antimyogenin antibody (ab1835) was
from Abcam. The mouse antihemagglutinin (anti-HA) antibody was
from Roche. The mouse antiactin (clone 4) and mouse antipuromycin
(clone 12D10) antibodies were from Millipore. The rabbit anti-TEAD4
antibody (APR38726_P050) was from Aviva. The goat anti-Pax3 antibody
(GWB-3AE0a5) was from Genway Biotech Inc. The recombinant myo-
statin (788-G8-010) was from R&D Systems.

Cell culture and transfection. HEK293, A431, and HCT116 cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal bovine serum (FBS) and 10 mM HEPES-NaOH at pH 7.4 under 5%
CO, at 37°C. MCF10A cells were cultured in DMEM~F-12 supplemented
with 5% horse serum (Invitrogen), 20 ng/ml epidermal growth factor, 0.5
p.g/ml hydrocortisone, and 10 pg/ml insulin. DNA transfection was per-
formed with Lipofectamine 2000 (Invitrogen). MCF10A-TAZ and
MCF10A-TAZ SA cells were prepared with pLenti-EF-FH-TAZ-ires-blast
and pLenti-EF-FH-TAZ SA-ires-blast lentivirus vectors with blasticidin
selection. C2C12 cells were passaged in growth medium (DMEM contain-
ing 10% FBS) and differentiated in C2C12 differentiation medium con-
taining DMEM and 2% horse serum (Invitrogen). C2C12 cells in which
TAZ was stably knocked down were prepared with pQCXI-GFP-2A-sh
mouse TAZ retrovirus. To stably knock down LATS1 and LATS2 in
MCFI0A-TAZ cells, the cells were infected with pLenti-EmGFP-LATS1/2
KD lentivirus and GEP-positive cells were collected by fluorescence-acti-
vated cell sorting.

Quantitative RT-PCR. Quantitative RT-PCR analysis was performed
with SYBR green (Roche) and the ABI7500 real-time PCR system (Ap-
plied Biosystems) (44). For the primers used, see Table SI in the supple-
mental material.

RNAi. Human TAZ and mouse TAZ were knocked down in MCF10A
and C2C12 cells as described previously (44). The double-stranded RNAs
(dsRNAs) used were human TAZ 524789 (Ambion) and mouse TAZ
siRNA D-041057 (Dharmacon). Knockdown was confirmed by quantita-
tive RT-PCR or immunoblotting.

Myofusion index. C2C12 cells were fixed and immunostained with
anti-MHC antibody. Nuclei were visualized with Hoechst 33342. The fu-
sion index was calculated as a percentage of the nuclei detected within
MHC-positive multinuclear cells.

Reporter assay. The TEAD reporter assay was performed with
HEK293 cells as described previously (43). C2C12 cells were plated at 1 X
10°/well in 12-well plates and cultured overnight. The cells were trans-
fected with the pGL3 Myo-184 (MyoD), 8XGT-IIC-851Lucll (for
TEAD), 9XCAGA-MLP (for SMAD), and p(PRS-1/-4), (for Pax3) lucif-
erase reporter vectors alone or with TAZ. These reporter vectors were
from Kenji Miyazawa (Yamanashi University), Hiroshi Sasaki (Ku-
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mamoto University), and Hiroki Kurihara (The University of Tokyo) (37,
47, 48). Dimethyl sulfoxide (DMSO) or 10 wM IBS008738 was added 6 h
after transfection. The cells were grown to confluence, transferred to dif-
ferentiation medium with DMSO or 10 uM IBS008738, and cultured for
24 h before luciferase assays were performed.

ChIP analysis. Chromatin immunoprecipitation (ChIP) experiments
were based on the protocol described by Nelson et al. (49). In brief, C2C12
myoblasts were cultured to confluence and then treated with DMSO or 10
wM IBS008738 in differentiation medium for 24 h. Cells were cross-
linked in 1.42% (vol/vol) formaldehyde for 15 min, and the reaction was
quenched for 5 min with 125 mM glycine. Cross-linked cells were lysed in
buffer (50 mM Tris-HCl {pH 7.5], 150 mM NaCl, 5 mM EDTA, 0.5%
[vol/vol] Nonidet P-40, 1% [vol/vol] Triton X-100), and chromatin was
sheared by 25 consecutive rounds in a sonicator bath (Bioruptor; Diag-
enode) at maximum output and cycles of 30 s on and 60 s off. Shearing was
analyzed by agarose gel electrophoresis. Chromatin from about 2 X 10°
cells was incubated for 3 h at 4°C with 2 pg of antibodies. Immunopre-
cipitation was done with 20 pl of protein G-Sepharose beads. Protein
G-Sepharose without antibody was used as the control (mock ChIP). The
immunoprecipitated DNA fragments were isolated with Chelex-100 resin
and diluted 1:2.5 for quantitative PCR analysis. Input-normalized relative
abundance was determined. For the sequences of the primers used, see
Table S1 in the supplemental material.

Subcellular fractionation. Subcellular fractionation was performed as
described previously (43).

Myostatin inhibition assay. C2C12 cells were transfected with control
or TAZ dsRNA. Forty-eight hours later, the cells were plated in growth
medium at 2 X 10%/well in 12-well plates. When grown to confluence, the
cells were transferred to differentiation medium with DMSO, 100 ng/ml
myostatin, 10 wM IBS008738, or a combination of myostatin and
1BS008738 and cultured for 3 days. The differentiation medium contain-
ing the reagents was changed every day.

Cell proliferation and viability assessment. Cell proliferation and
viability were assessed by MTT formazan dye conversion.

Sphere formation assay and 3D Matrigel culture. MCF10A and A431
cells were plated at 300/well in 96-well Ultra Low Attachment plates
(Corning) and cultured for 10 days in serum-free DMEM~F-12 (Invitro-
gen) containing 10 ng/ml basic fibroblast growth factor, 20 ng/ml epider-
mal growth factor, 5 wg/ml insulin, and 0.4% (wt/vol) bovine serum al-
bumin. A cell aggregate with a diameter of more than 150 jum was defined
as a sphere. For three-dimensional (3D) Matrigel culture, 96-well plates
were precoated with 30 pul of Matrigel per well. Cells were suspended at
2.1 X 10%/liter in medium containing 2% Matrigel. Cell suspension vol-
umes of 140 pl containing 300 cells were plated into each well and cul-
tured for 10 days with DMSO or 10 M IBS008738.

Animals. All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee. Six-week-old female BALB/cBy]J
mice (Clea Japan Inc.) were used. N. mossambica cardiotoxin was dis-
solved in phosphate-buffered saline (PBS) at a final concentration of 10
pM. A 100-pl volume of cardiotoxin solution was injected with either
control DMSO or 3 nmol of IBS008738 (0.3 .l of DMSO or 0.3 pl of 10
mM IBS008738 was diluted in 100 wl of PBS) into the tibialis anterior
(TA) muscle of mice (n = 6) under anesthesia. Mice were sacrificed on
days 2, 5, 7, and 14. For dexamethasone-induced muscle atrophy, dexa-
methasone (25 mg/kg/day) or DMSO was injected intraperitoneally from
day 1to day 7. A 100-pl volume of 30 wM IBS008738 or DMSO in PBS was
injected into the TA and gastrocnemius (GM) muscles on days 9, 11, and
13. Mice were sacrificed on day 14.

Skeletal muscle histology. TA and GM muscles were fixed in 4%
formalin and embedded in paraffin. Muscle sections 5 wm thick were
stained with hematoxylin and eosin. For the immunostaining of Pax7,
MyoD, and laminin, 10-pm frozen sections were fixed with acetone at
—20°C for 10 min, incubated with primary antibodies at 4°C overnight,
and then visualized with secondary antibodies. To quantify the extent of
muscle regeneration, four sections of each muscle at 100-pwm intervals

May 2014 Volume 34 Number 9

TAZ Activator That Facilitates Myogenesis

were analyzed and the total number of centrally nucleated myofibers per
visual field was determined manually. To assess muscle atrophy, muscles
were sectioned at a 10-pm thickness and immunostained with anti-
laminin antibody. The cross-sectional areas of myofibers were analyzed by
using the Image] software.

Phosphate affinity SDS-PAGE. Phosphate affinity SDS-PAGE was
performed with Phos-tag acrylamide (Wako Chemicals) and polyvi-
nylidene difluoride (PVDF) membranes.

In vivo SUnSET technique. In vivo SUnSET was used according to the
previously reported protocol (50). Briefly, mice were anesthetized and
intraperitoneally injected with 0.04 pmol/g puromycin in 100 pl of PBS.
Thirty minutes later, GM muscles were removed and frozen in liquid N,.
Frozen tissues were homogenized in buffer containing 40 mM Tris-HCl at
pH 7.5, 0.5% (wt/vol) Triton X-100, 1 mM EDTA, 5 mM EGTA, 25 mM
B-glycerophosphate, 25 mM NaF, 1 mM Na;VO,, 10 mg/liter leupeptin,
and 1 mM phenylmethylsulfonyl fluoride. Sixty-microgram samples of
total proteins were analyzed by SDS-PAGE, and immunoblotting with
antipuromycin antibody was performed with PVDF membranes. The
membranes were stained with Coomassie brilliant blue.

Statistical analysis. Statistical analyses were performed with Student’s
t test for the comparison of two samples and analysis of variance with
Dunnett’s test for multiple comparisons with GraphPad Prism 5.0
(GraphPad Software).

Other procedures. Immunoprecipitation and immunofluorescence
assay were performed as described previously (51).

RESULTS

Cell-based assay to screen for the chemical compounds that ac-
tivate TAZ. We used immortalized human mammary epithelial
MCF10A cells to screen for TAZ activators. LATS1- and LATS2-
dependent phosphorylation at serine 89 is the key event in the
regulation of TAZ. Neither parent MCF10A cells nor MCF10A
cells expressing TAZ (MCF10A-TAZ) survive under mammo-
sphere-forming conditions, while MCF10A cells expressing S89A
mutant TAZ (MCF10A-TAZ SA) do form spheres (Fig. 1A). How-
ever, with LATSI and LATS2 knockdown, MCF10A-TAZ cells,
but not parent MCF10A cells, form spheres (Fig. 1B). The addi-
tional knockdown of TAZ abolished the effect of LATS1 and
LATS2 knockdown in MCF10A-TAZ cells (Fig. 1C and D). These
findings indicate that sphere formation by MCF10A-TAZ cells
reflects the activity of overexpressed TAZ.

The screening of 18,458 chemical compoundsyielded 50 TAZ
activator candidates. We cultured MCF10A-TAZ cells under
sphere-forming conditions with 18,458 chemical compounds
at 10 wM for 14 days. Fifty compounds enabled MCF10A-TAZ
cells to form spheres (we defined a cell aggregate with a longest
diameter of >150 wm as a sphere). We next performed the
TEAD reporter assay with these 50 compounds. Forty-seven
compounds enhanced TAZ-dependent TEAD reporter activity
(data not shown).

TAZ activators enhanced myogenesis in C2C12 cells. TAZ
plays important roles in the regulation of osteogenesis, adipogen-
esis, and myogenesis (34, 52). Here we focused on myogenesis and
applied 50 compounds to mouse C2C12 myoblast cells. C2C12
cells were cultured under growth conditions. After grown to con-
fluence, the cells were switched to differentiation conditions and
cultured for 72 h in differentiation medium containing 10 pM
each compound. We evaluated myogenesis by determining the
myofusion index (the number of nuclei detected in multinuclear
MHC-positive cells divided by the total number of nuclei). Cells
treated with 43 compounds exhibited higher myogenesis than
control cells (data not shown). In this study, we focused on one
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