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2] 71 AsHDEAEe] HulHe] EXH
Aol FAA e B 53 M

(bone morphogenetic protein, BM#) & el 3] A1 ¢l =}
(morphogene. &3# 1 gx7dAtel wel & F
7o FEAAANET ARDT w47 Tl A
22} (notochordy} ul=tgl (floor platepl| A F-1] ==
Sonic hedgehog (Shh) =2 3e]3Aledztz 2H4&
sfe] Shhiswel] webs SEAAMN L} 2% Ape]

A A Z7} =%} (Briscoes 2000, Jessell 2000,

Caspary} Anderson 2003).

et el #u]EE Shhe A17Fgol
z2+4-3lo] Al7 2] wl =3} (ventralizationg =3}
i ol 5% ARHEe) 44 dAsn W
AAA S AL 9T 49E Fushe el
(Ericsons- 1996).Shh’™ A F o = o)=) 8t nwjz3}
b Al olfAA el VO, V1 Aol A1 A 25
Aeta A BT AN LS e
Z] ¢k} (Chiangs 1996).71 3 A7 29 uljZol]
A TZoz FAEE= Shhehizl o] =x A Al w}
o ohe R AAMEEQ, V3 Aol a1 7A =9}

Shh

Fig. 1. Shhconcentration gradient derived from the notochord = Shh'- A F A=
(N) and the floor plate (FP) patterns the distinct cell types
in the ventral spinal cord. These cell types express regio-

nal specific transcription factors.

$EAAANZ (VMN), V2, V1, VO Ale] XA AN 7}
ukAy skol (Fig. 1). Shi®] =7 Alel w2 Zhx 217

Az Ao dzle] homeoproteinso] e}
T Aoz e A, Shie] 5= ) 4174 A
TFH ZAAM A HAF AR =7 e HsfiAE o}
= w&}+s}x] ok} (Jessell 2000, Ingharh McMahon
2001).

Ho]|E o)A Shh= X2 o]%3F & Patched
(Ptcheh= %‘«9—%1151} A< 3} Pich= Shhv} =
AQskA] 44 733 Smoothened (Sme)= A =9t tk
g o] %}*é—% ‘ﬂﬂl?fb- it 2319 Shivl Ptchell
Agstd 2 qA7F 28 Smork &4 3ks 3 Shhal
SADA A7 AT FA3FE Smo= Gli AAF
°W9l =5 243 Shivt EAstA] & 7

5 Glix SEsl=e] AAAAIAzA 283t
Shh7]- ZA AL B o JAEe] Glix A
AtgAelztz a4 o (Inghan®t McMahon
2001). 35 oAM= 3%7F] Gli #2171 d=A
o)t} (Glil, Gli2, Gli3). Glile Tl H3) 7} =)= oty
AArA] 1Ak Z A RE 288 4~ glaz, 1 Whd o] Shh
o] o5 =A%}t (Dai S 1999, Parks 2000). 72
2 Glil™" JFY AAF| M= =3t Ao =
A2 Akt Gli2s zvlejd] HUAAIZS o,
Gli2e] =hiEa]7} #A=g ot HFFENA A
A Aol e o =Rzt HEHA] oAk
o} (von MeringZ} Basler 1999, AzaBlanc 5 2000).
I8 3 Gli2Z Glile=z g5 AN Gli27™ A
FellA vehte B el 7L S E-R AR 7] o
of HAAAIARZA 2] Gli2E M fulE 7HAA|
281t} (Baigl Joyner 2001)Gli27~ AF oA = v}t
T3t V3 Abelal A 2] A o] Adds] zhaghot
(Ding 1998, Matises- 1998). Gli3= Shh gtz 9]
Fxel weh 2 37t 28 "o (Wang 5
2000). = Shiv} &A1& 7%= AALEA A=
g3h3, Shivk 241514 @& A5 4E3 AAk]
AUz 2§t o=@ Shhvl €)% Glige] B4
x49) F24e ShiT'; Gz AFelA 2 2aeh,
As YA e 2FA7
A E7} Shh'™; Gli3™~ A#A |- 3Bz o]
Shivt ZAsk4 @& 44 Gliszh 3a gAtelA)
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— B HA A
Atz gl LFARHEE AL A
ok Glidzh 3 AAR AFeAE F5A7AH 2]
WA e 7} E2)A) == #lo|o}(Litingtungz} Chiang
2000). 221 $-5AAH 2] 582 te]5EAo
A dehde 2428 A e et
Gli AAFIAFe] &7 ShhA s A A& &4 o]
A3 AlkA Gli2™7; Gli3™ AF M= 5417
Alz7} AA3dot (Bai 5 2004). 54174 £2] 3
Bo xFsle] Gli2”; Gli3™" QA el
A7 7ke) g atel = Shh'™; Gli3™ 7<) wg=t
ofel fraketet. o]2fdt A= ShhAl s LA A7}
Gli2e} Gli3e] 7)ol Moz oJ&Esty oSS <]
u| gt} (Bai 5 2004).

Shh''; GIi3™ Aol Fag 9w 333
547 o] AAATAHER RE HZE (default)=
AREE AdA = o8 B AsAdGA Al
o8] AAHEA WekaH] et ol ETMEE ol
43 Aol 273, E5AAM 2 HEEAR
o s AHEA gomz = e A4 AsAY
AAZE 35 veRde (Wichterle5- 2002).4173 &
FHele o8 7k AT EA o] EujH T gloh
Z Fodt AsALEAZ AL w e PA

ahehul Az} #e) mAbol ek, wage) o At
F2 FEAAR P 2gske Aoz
AT, A EAAD Yol = HelT & et
A7k AN Mg e Shiv) 23
uhebgtolt £5AAM L 4L AT & et
(Baslers 1993, Arkelk} Beddington 1997)z=31 w
JeiRAYAe] A8 JAF: Bl fol
listatin®] Ae]= A7 S B} v Z3HA]F{ o (Liem
2000).= follistatine w3 el 3] kA o] =g
oAl se] Shivll |t wjz4l A 2e] FHS B
SolatA st Al S gellr] EulH
sl ozyE ARzAoe] BIE Fd
glor et A7wke] me|Z3) (caudalization®
=& 4 qlv}(Durstons- 1998, Muhrs- 1999). 1
2 FHT AFEAEAAdAte) vEe] 5417
Az ARe) F2F Olig2s F=8 4 9t 2
o =2 B vE<c(Novitch 5 2003).
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Shh’” #2] f-x)¢} gele ojn] dejx whye
usho). Glid™™ Az= Gli3 ¢A#] zinc finger
domaing Z3sl= 3 A Qo] AEe] gl AF QlH
Jackson lale 2 H2E] <d¢jd)h Gli3™7 A= It
1] (yolk sac) DNAZ #|#3te] PCRE S el
stgich. Shht’; Gli3*~ Q7= C3H/129/C57=%=
CD1/C3HS-2] =3t=l w7 (backgroundp 2 5%
= gie}. Shh™; Gli3™ A7) wuls %3] Shh’,
Gli3™7", Shi'™; Gli3™7™ =¢] g3t AF= 78 4
2121} Shh(230 bp),Gli3 (500 bp),Neo(550 bp)5-2]

Table 1.PCR primers used for genotyping of mutant mice

: Forward/ . :

Primer Re\)lzlerse Sequence (53) Size

Shh Forward GACCATGTCTGACACTTAGGTTTC 230bp
Reverse GAAGGCCAGGAGGAGAAGGCTCAC

Gli3 Forward GGGTGAACAGCATCAAAATGGAG 500 bp
Reverse TCCGATAGCCATGTTGGTGG

Neo Forward CTGTGCTCGACGTTGTCACTG 550 bp
Reverse GATCCCCTCAGAAGAACTCGT

Nogl Forward GCATGGAGCGCTGCCCCAGC 211

p

Nog2 Reverse GACAGCGAGCGCAGCAGCG

Gall Reverse AAGGGCGATCGGTGCGGGCC 160 bp

Lacz Forward CTGTGCTCGACGTTGTCACTG 220bp
Reverse GATCCCCTCAGAAGAACTCGT
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frAzkE &elslr] 913ted ol e] PCRZAA} o] (pri-
mens o]43k3th. Shh'™; Gli3™™ AF A= Shh
9 Gli3 + -7 2% ¢lov} NeoPCRAFES
A = ¢l o) (Litingtung=} Chiang 2000).
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297 Mdell XA LacZ FAAE
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A5 $138] LacZel oist PCRE A3 &}
RARE LacZ A7 ¢} Shh~ &2 sShh'~; Gli3 ™~ A}
# <} wujA]A, RARE Shh~ 32 RARE Shh'';
Gli3*"~ B = F3s}¢dt} (Rossants 1991).
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2. HEA| X258 & (Section RNA in situ
hybridization)

Shh’” x5 = F3stelk(McMahons- 1998). 235017 (cervical pluglgs a3t 38 0.59=
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Fig. 2. Expression ofollistatin in E10.5 wild type (WT, a, dshhmutant Shh’~, b, ), andShhandGli3 double mutantghh’~; Gli3 ™',
¢, ). Cross-sections of neural tube at the level of forelimb (Flsc)aand hindlimb (HL; df) are shownFollistatin expression is
reduced compared to wild type 8hh’~ however restored iShh’"; Gli3~/- mutants at the level of forelimiFollistatin
expressions are reduced compared to wild typghin’~ and Shh’~; Gli3~~ mutants at the level of hindlimb. Magnification
100.
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WHo| wjelE o] g3lglom, e ofnloA] 2 A = g0z Ag oA 303 A7 F A
4 wjole dzzoz olgsigeh ovlE YT P¥Fgoz Ageh 1 F wjolE FeNagel (10
Z uwjo}E A&E3 T 31X glo] H}E OCTE=2o = mM NaPQ pH 7.2, 150 mM NaCl, 1 mM MgG| 3
TE ¥ —80°Coll RIAslGh & gL 9lsle] 15 mM, K, (Fell (CN)s), 3mM Ks (Felll (CN)y), 0.3%
pum S Z24H F 4% paraformaldehyde (PF&) 1A Triton X-100, 0.27% Xgab|+] 2AurL-S A3y s}
3lodch. 1 % proteinase K& 2|3k F 60°Cell 4] et vk F wjolE 4% PFAZ thr] mAS &
xglol (hybridization solutionp.2 Axjz] 23hk-s- OCTEZ¢& W&, =44 HS A5t}
< 39d. 7 = RNA sHA2 AHr)sl & 144 7F
Feb 60l Wsslsch 2 F SSCz gehel= -
2 A& & NBT/BCIP= A3}eit}. Follistatin
IMAGE Clone 3711215} flik (Shibanumas- 1993
( S flik ( y ) Follistatin®- A A<Zel| A= A7 e Fe 914
cDNA7} RNA e zt2 wHE7] ¢)3)] AM4-E ¢ _ . 515 -
g ol 2 A Feidel 2l (Fig.
_ 2 1;.];9}\-] 30:101;\_1]:‘ E3 ;H_‘_'Z_O_‘,li_zé
3. B-galactosidase BAME =X )- FARA el I AR
(dermatomyotomeyd o] LA =7} =9}r}. 13
ujo}E ou| 2 RE] HE3 ¥ 0.5% FFEl= YT g Shh” AF e 2 o] ou|gA sl
| wT | Shi'’- [ Shh’~; Gli3 - |
- a b c
T : ' | o
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Fig. 3.Expression oflik in E10.5 wild type (WT, a, dShhmutant Shh’", b, e), andShhandGli3 double mutantghh’"; Gli3™", ¢, f).
Cross-sections of neural tube at the level of forelimb (FEghand hindlimb (HL; &f) are shownFlik expression is similar
with wild type inShh’~ andShh’~; Gli3~~ mutants at the level of forelimBlik expressions is similar with wild type Bhh’~
mutant however reduced 8hh’~; Gli3™~ mutant at the level of hindlimb. Magnification100.
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— 2M8, E28Y, 5,

L), F5eFAA 2uigde] follistaine A=A
aokom A FujdelM 4= wE=H (Fig.

2b). gl pEA M= A A wsiA 2 nd
o] Zkadlglont eufgielA v W S 1ngl
o} (Fig. 2e).Shh'"; Gli3™"" 47 FHEFEA A&
follistatin®] ®alo] A} AF | uls] w53tk
2313 F7ksbadet (Fig. 2¢). 53] 524 Ful il
AME A AF R B o] kel el eEA|
o] A7 Bl A AF e vsiA FHAaE
kS Bl (Fig. 2f).

Flik-& A AF A, AT 919 <uj] &
A el A=A (Fig. 3). o]=3 2=
follistainz} 71¢] §-A}sksdc). Shh'™ A= flik
o] W&o FoE|eFEXdA AA AF} FAE

o

A = E‘Bi‘:}(Fig. 3b, e)Shh'~: Gli3~~ 5]
—°r LFEAAA A AFeL FARE B

—1/} gl eEA A A AFel BlsA
Z}ﬁ\_a}ﬁu}(Fig. 3c, f).

Noggin (Nogp| 3 Fis 27 9)3te
LacZ 5327} nogginf-4x2 HfAg AFHZ o]
g3lgieh o) A9} shh” PAE Mz mulsled
Nog™~; Shh™~, Nog"™'; Shh’~, Nog”~; Shh’~ Q%
2 3}k Nog™; Shh'™ A3} Nog'™; Shh'-
AF= Nog™'~; Shht'~ gF e w]siA wjele] =7
7} Aubq oz ofm] glA zgrom AlA3e] =7
w3 zkeke} (Fig. 4, data not shownNog’™; Shh-
A 2] 735 wote] mefo] AAFH <l wiEgol Al
SzgolekAS Bt} (data not shown). LacZiA)

‘ No

FL

HL

B
T 8.
-.-ﬂ_{

Fig. 4. Expression of noggin is increasedShh’~ mutant.p-galactosidase activity in embryos heterozygdesy(") for a targeted

allele of noggin in which noggin coding sequences were replaced bptHegiene. Crosssections of neural tube at the level of

forelimb (FL; a, c) and hindlimb (HL; b, d) are shown. Magnificatiod00.
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FL
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Fig. 5.Retinoic acid signaling is not affected Bjphmutation. Retinoic acid response element linked with Lac Z, was introduced into
wild type (WT, a, d)Shh'~ (b, e) andShh'~; Gli3™'~ (c, f) mutants. Crosssections of neural tube at the level of forelimb (Ft; a

c¢) and hindlimb (HL; df) are shown. Magnificatiorx 100.

< E3lo] Noge| 2Halg 2Hlslel e =), Noge= %
Absh A7 FRe)e] el dolA FEE G 4l
A# A M ofF e Axe] whye P
4> 31915} (Fig. 4).Nog"'; Shh” A& 314l
o Noge] W& Aubgos Zrl=lel 99tk &
3 AAR AA A 2] wEe] Zrlelgdr). ol 3t
W3} ok Are|eFA Adakele] vl A
uole A2 NogE #d3lx ole HAs
Nog'’"; Shh’” gHalxE 2 71 gl (Fig.
4b, d).9] Hzte] AR ARl e =
AbakA] ekoket

ShhalzdgA Aol o #le]xAit A3 dA A
o] o] 2AFHERZ Hlsly] skl HElwAk
S GG A e ¥AAR AFE o
43149t} o] AFE HElmAte] BulEo] zhgsle=
Bolo|a] B-galactosidas&d 2 veRic) g =
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Shh'™; Gli3™~

A kS @714 FAAAPF e Shh'; Gli3™-
AF = mu)sle] RARE; Shh''~; Gli3™~- x5 = +
g o] o] AFES A7 wuisle] RARE'; Shh'-
AF 2t RARE; shh'™; Gli3™ Q75 53t
gl Al AlsAEAA L] A2 AT HA NN
FU3HA bt (Fig. 5). Z4E2]e vlsiA o
SEA A dE]xAl A1) #AJe] on] QA
Eokth 2El3 o3 &4e RARE'; Shh'™ A7)
1} RARE"; Shh'"; Gli3™~ RF|ol|A] w338k ofAlo
2 Yepgdo} (Fig. 5). ol = @lElxAt Al sd2A 47}
ShhAlsAZA Aol o8 ZAuA] opge 2jn)
g}




— 2MIZ, 234, 5, 8 A WME,

Hol 9] AANE RS 2253 Sl We
ARhilds) Shh Al sdDAAE S22 WA
ARG gle} FEA 4BE sk A
4 ¥elA] 9l e Shit's Gl A7
e SHhABAAAA 99 Aok 2
T SEAAAEI} AR, ol BhE m}

QUGN e b A2
T M= wae] Az sl Al 9] follistain
7} flik-2 Shh'"; Gli3™" oA /‘]74 )

o U
3] 5ol| 7]edslA] gkont, #E| A AlsADA A7}
7199& 7hsAd o] g e

Harz} wpeel A EulEs Shhebwde) =
Z3Atel wel wjZA A FME A7) o AAA 2
7t A (Fig. 1). 23 o] 3 2l7A 22 A
Aol Shhehiidwte] mwrdabell oJsjAlRt <=3}
Al BAE 7PeA = AR = o silA s Jhe
gozxn B oz IAE A=
o5 Eol WP ] AT A= 9l
of. w e PN AL F2 FFHAAT FA A

Fo3 9L st Aoz A dHA AR
(Caspary} Anderson 2003)sjZ4173 3 3 e 3] Aol
= Bol@ 4 Qe Shivl )3 whekas} 25417
A2 Yol My FAHY e o8] Ahh
elt} (Baslers- 1993, Arkelll Beddington 1997)21
733 AlzaoF Aol A173AFA 2] Shhel
& Aol Wy Ael o8 249 4
o0& waleh(Liem 5 2000).5 UHe %co
shivll 2ls) JA4=ein vhos 743
ok AA 2] FH7E W el A T
gt HH Fepxlve ZAonk Folllstatln% w3
EH’E:]/HD]—H"Z]5773L]. activine] zrg-& A}Eﬂz—l_gi o
A= wd =z deA 9o} (Zimmermans- 1996,
Lee?} Jessell 1999)0]2f 3t follistating x| o,
AARTFAEES] Shiv] AT P44l Frhekd
t}. Follistatine] =H-8-2 2173 M2 wljofol|r] ut
ohieh B AARE o83 AAAReIN = 2]
o AEh AT F wiEAATe] W He) Y ATk

2~

A AsAGA AN =2D 283 Aol ok
il e=E A7ste] FA4E ¥ A=

WP o] o] WHHT T F wjHAlA
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2=, 2R —

LEAN = |

Hel A= W)t de] Wl Fet (Fainsods
1994, Jonesz 1991, Streits- 1998, Streig} Stern
1999). o]8| gt FAEL wiFA A o] T3 Shh

g o) A atelnt o)Ested HAHE Ao of
ek, wae) s er ok wsei s gha g o gt
WAe] ahgol s 2dE 4 oleg onatet

Shh'- QA F4ZFx] A1ATA] follistatin)
W o] At AF el s on|siAl skt (Fig.
2b). o83t 7tat wEERAdch A gyo] =7}
£ o1& 4 lek Z2iu Noge] w2 93]z &
7hetod et (Fig. 4b). Nog- w3 el 3 A <kl 2/4,
GDF5-79] ztge AMeldoz odasls whida
a=2)x glo} (Nakamuras 1990, Yamashitdg- 1995,
Liem 5 1997, lemuras 1998).% 41733 AldlefA]
Nog wiZA17d 3 Al7dAz3Ade] el Aokt
J3FE WX A= ekt (Liem 5 2000).Shh’™ 43
oAl Noge| o] F7FepA|vt 417 3e] w37}
o|FAA] kom, FFAAMERE AAEA AUt
uiebr o2t AAEL, | AlZFe] A@AAe}
7, Nog2- 217 3e] wiZstel -5A17dM 2] A
Aol FedatA] okg-& o|w|gh SR ol2dt A
=3 22 Nog™ AN S5AAAZ7 A
A= R okglt} (McMahon5 1998). 2 & oA =

o} 4 ¢l= Yelo= Nog''; Shh'"; Gli3™" 472
Foheul Assleich Nogel «iahg neh B3]
T3] feiME F71Ee Ade] Hesety A
Z+=o}. Follistating® & 417 el 4] w241 7 A 2.2
FAE FAAZS (Liem 5 2000). o] A 417 %
3 Ao g)e] follistatinel] ¢]& A== w3 e 34
il o] 283 7heAl o] E&- ©Jn|dt) Shh';
Gli3™"™ A9 B4EA A7 A follistatine]}

flike] o] A AF e} FABIAY 2k F71=
oo 1} (Figs. 2¢, 3c)mbetA] Shh!™ AJF] ol A
7MW Wbl A s A S g4
o] Shh'; Gli3™"~ AF A= 74" 7P o] Qe

J-d ol2fgt wige ek dfgichulale]
A7k g wge Pty Al s A2 A
4 2k Shh's; Gl QA M YA E 5
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Abstract

Expressions of BMP Antagonists irShh™~; Gli3”~ Mutant

Sae-0ck Oh, Yong-Suk Moon?, Soo-Kyung Bae, Sik Yoon,
Sun-Yong Baek, Bong-Seon Kim, Jae-Bong Kim

Department of Anatomy, College of Medicine, Pusan National UnivefBitggu Catholic University

Sonic hedgehog (Shh) has been known as an essential morphogen for the generation of motor neuron in developing
spinal cord. However, motor neuron can be generat&hhiri™; Gli3~~ or Gli2”~; Gli3”~ mutants although these mu-
tants don’t havéshhsignaling. To find out the compensatory mechanism for the generation of motor neStdr in
Gli3™”~ mutant, we studied bone morphogenetic protein (BMP) antagonists incliadlistatin, flik and noggin, and
retinoic acid signaling in this mutant.

To study expressions of BMP antagonists, we perforimesitu hybridization. To examine an activity of retinoic
acid, we measuregi-galactosidase activity in retinoic acid response element (RARE) transgenic mouse.

The expression dbllistatin was reduced at both levels of forelimb and hindlimSlit’~ mutant compared to wild
type embryo. It was restored at the level of forelimb but reduced at the level of hindiBhiniy Gli3~~ mutant
compared to wild type. The expressionflif was similar with wild type embryo at both levels of forelimb and
hindlimb in Shh’~ mutant. The expression @ik was similar with wild type embryo at the level of forelimb however
reduced in hindlimb level iBhh’"; Gli3”~ mutant. The expression of noggin, a BMP antagonist, was increaSkh’in
mutant. Activity of retinoic acid signaling was not affecte®hi’~ or Shh’~; Gli3 '~ mutants.

From these results, we conclude that retinoic acid but not follistatin and flik, may be involved in the generation of
motor neuron irBhh’~; Gli3”~ mutant.

Key words : BMP antagonists, Follistatin, Flik, Noggin, Sonic hedgehog, Retinoic acid
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