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T5% M, PBT T5 pMZhZhikiE L7,
BHEPBTICEIEL 5 5 MiRk%&E L 7-. Proteinase
K/PBT & (2 pug/ml) 2@ L, 37CTI15
SHERE L7, £0#%, glycine (2mg/ml) /
PBT & ICiE#ifk, FimT5 45 M, PBT TS
S 2 BI3RE L 72, 2 % gluteraldehyde + 4 %
paraformaldehyde % & ¢ PBT I & # L, 20%
MEE L7z, £0t%, PBTIZERL 5 5/
RE L7z (2E#DET). XK\ TPBT H68
T T505 MBI L 7. 4028 H L 72 PBT
CEH L, KETS HRIRE L. 6 % H0,
/methanol {FHIZIEIR L, KT 1REHIRE L
72. € ®ftk, PBS TS5 7], PBT T 5 4 Mk
% L, 68 7C o pre~hybridization mix (50 % for-
5 x SSC pH7.0, 50 ug/ml tRNA,
1% SDS, 50 pg/ml heparin) (&L, 18
iR L 72,
Digoxigenin (DIG)- labeled RNA probe (0. 35
- ug) % & T pre-hybridization mix % # (0. 7 ml)
2B L, 68C T—M hybridization % 17 - 7=.
% D 1%, Hybridization Wash Solution 1 (5 X SSC,
509% formamide, 1 % SDS) ZE¥: LIRE L 7-.
FJEE 72 72 Hybridization Wash Solution 128
#l, 68C T30 Mk L T xITo /2. Z
D%, Hybridization Wash Solution 2 (2 X SSC,
50% formamide, 0.1% Tween20) T 5 4 [,
KROTRH U E A WTE8C T3040/, &51
TBST (100 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.1% Tween 20) TZiR 5 7 [ % 3 B¢
DR L, 70v* > 7iEw(1.5% Blocking
Reagent # & tr TBST) T60~90%- 1, #hFh
WEL. BRBICTO0y X V7 BRZRE, )
Remz 4 CT—BRPUARIL % 1T - 7.

TBST IZEM L 5 midRE = 4 AT o 7. #r
727 TBSTIZE# L T, 3050 Mx#E % 8 [,
NTMT (0.1M NaCl, 0.1 M Tris-HCl, pH9. 5,
50 mM MgCly, 0.1% Tween 20) (2382 T3
B, 100MIREIC L HEFLITo 7. ZD%,
NTMT % %t (NBT : 4-nitro blue tetrazolium
chloride+ BCIP [ 5-bromo-4- chloro-3- indolyl-
phosphate % & ¢ NTMT) (Z#2 %2, RERE%

mamide,

(%E32% %45 2006)

FgE L7-. REHEBI05 %Y O RBERR 2 MR
L, BBEMEETL/AEZATPBTIZERL,
5 HIRE % 3 BTV, BEKILTEFIELA.
RIZ50% ethanol/PBT {Z @B L, 5 HMIEE
%100% ethanol {23z 1.5~ 3 BFREIRE L 7-.
% D1, 50% ethanol/PBT T 5 4>, PBT T
5 MHRE L 21%, W TERLTLTTR
FL7.

) B T @ ISH X Whole-Mount ISH & F i |2
LU CiTo/. EELAEZBARZIZ T 74
AL, EX7 um TYREER L. oS
T 7 4 AL CHEKHIE, Proteinase K (0.5
ug/ml) /PBTEWICERL, 37C T105MH,
BEUHEITo 7. Z0O#%, ZiRTglycine(2
mg/ml) /PBT {&{ICER L C 5%, PBT T
2 [ 5 5 EE L7, 4% PFA/PBT {18

L, BEE*200MiT>7:. Z0#%, PBT
CEH L 5 M 3EIRE L7 0.1 Mtriet-

hanolamine H CHE/KEEEE 2 N 2 CT157-M 7 & F
WAL % T o 7=, PBTICER L C5 4/H 5 [
& % L 7. Whole-Mount ISH 'C F \» 7 pre-
hybridization mix {2 # i F£ 10 % dextran sulfate
AMAZ7-b0% MK ISHTHEHL, 65CT1
B R4 L /2. DIG-labeled RNA 7 —7 (1
ug/ml) % & s pre-hybridization mix (ZE#L L,
65 C T 16 ~ 17 B [ hybridization % 1T - 7-.

Hybridization Wash Solution 3( 2 x SSC, pH7.0,
50% formamide, 0.1% SDS) IZE# L, 65C
T200 M 4 H®FZ T o7, €D, 0.2X
SSC +0.1% Tween 20iZ{&#2 L 65C T20414 4
[l L7z, X512 TBST TZif 5 4/ 2 [,

70y drIERBTIST, 18R, 2hZh
RE L, 70y XU rEREyBRE, EEmMm
ZTCI5C T 2 PRI % 1T o 72, TBSTIC
EIRL, 1040 1H, 5% 6 MiRE L. KRIZ
NTMT (B L, 50 2RBIOREICL S8
BriTol. ZOH NIMTHIZE®BHEEL
(NBT +BCIP) % &&oiFilllifiz, RELE
s L 7-. 30 Whole-Mount O34 @ 1
/I0DBE YR/, BRIt oREs
MR LZDH 1~ 2 HEZRTITo 7. B
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1E#120.1% Nuclear fast red/ 5% 7V 3
= LKBHTHE LGt L 7.
. 5. Western blotting

HA o P B, K U western blotting 13§ [ @
FHAZHE U T 2 7292 O HURIE R osm b .
PL MyHC B 7 ) (Sigma) © 1/ 4, 000, peroxidase
TR L 72 anti-mouse 1gG $i & (Sigma) 1/
20,000. #: L 7z > & ) % Densitograph
(ATTO) % H T L 7.

o xR

1. MSTN & ZDZHEKRDIER NN — >

PUIRE A3 T2 B & 41 5 B I T MSTN @ g 3 /3
=MD E, KHTRBSGE Y, K
WS S WA SEAINE O R T) A5 & T B3
W CHBIAHEE ST 5B (Figs. 1, 2). FO
—J5 T, ActRIIA ®58BIIZ MSTN X 0 7 L i
KABIEHPIEE D, JEB oS L MSTN X
DiZEW., T4bb, =7 M)IEOEEETIZIE
AT —T230 5 MSTN O 388 A F 0, U
WOMmATHORRMIZIAT — V24 TE—712%

Stage 23 Stage 24

R g

5. FOH%, AT—VBFTREISRONS
A, AF—T26TIIHET 5.

—Jj, ActRIIA O FEBL I Kz 7 i R 3 T D
Pax7 O3B L iz ), A5 — T 23Tid9 T
HEREARONG., Tk, AT—24-
26 TR DML HEBAA LN, A7 —29-30F
TR T 5.

ACRIIB {2 DWW T, AF— V23-26TRIG
i, WEomAFcoRRITLERoNT,
AT =23 25 TR, BEFO WM L%
ETOIRBAPR SN LD, FETHOIEBIE A
F— 2TV TIdEe < % B,

SO % 1T, MSTN @ 53 id ActRIIA & i
F—=N—F 9T L Tw5bHH, ActRIIB & |
F—nN—=F v 7T, FD~JiTMSTN D%t
BlUz—#iP:TH 2 2 &I L7 (Table 1).

i3RI~ 5163 5 T 5K T & 5 i 2 A
DT —H—ThHbEEHLINL TS Pax7T DIt
B, MM T ORI A T, AF—
2301 4 S He 17 85 %0 B 0 1 B 51 Tl 3E
HAR SN A (Figs. 1, 2). T2 TOHBLUIA
F—U26-27F THEFLL, AT —29-30Tik
AR TOIRIUIMLT T 2%, FEH L T B4l

Stage 25

; Stage

Fig. 1. Expression patterns of MSTN, ActRIIA, and ActRIB during chick embryogenesis, as revealed by whole-mount in
situ hybridization at stages 23 to 26. Top, MSTN ; middle, ActRIIA | bottom, ActRIIB.
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ActRIIB

Stage
29/30

Fig. 2. Expression pattern of MSTN, Pax7. ActRIIA, and ActRIIB during chick embryogenesis, as revealed by section in situ

T

i

% -
=

£

mrtiudid A arad

hybridization at stages 24 to 30. ActRHA, but not ActRIIB, is expressed in myogenic cells during migration into the limb
bud with MSTN and Pax7.

Table 1 Summary of expression pattern in the chick embryos at stage (St) 23— 26.

Probe

Site Developmental Stage Comment
(Gene) St 23 St 24 St 25 St 26
‘Myostatin Limb bud + + -+ + —
Myotome + + +* % *Partial
Neural tube — — - —
Pax7 Limb bud + ++ + -+ ++
Myotome ++ + + 4+ ++ ++ Intense at St 24
Neural tube ++ ++ + + Dorsal half
ActRIIA Limb bud + + ++ ++
Myotome + + + ++ + 4
Neural tube — — + +
ActRIIB Limb bud -+ -+ + Weak in myoblast
Myotomé + + + + Intense at St 24
Neural tube ++ ++ + + Intense at St 23, 24

—, nosignal ;

weak ; +, moderate ; + +, intense ; + + 4+, very intense signals.
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BRSO ER A TNSIE T 5 L D125 5.
B il T MyHC O 3EBLIZ A 77— V2500 5
ROLENL LD, HHE T FO)ﬂllﬂa

WWIRIB LT AHS, EBiHE-Cldfih L F C
Wi ohs (Fig 3). £, JF %’\%l!))
L7-Wi3F R CosMAGE £ 575, Z O JeBia
WAL MR O S BILFEM Th 5. o T,
MSTN & 3¢ 3 14 Ry ] 11, 22 B 19 LR Al o 3 B

i

EFEL TV BT HEMAH 5.

2. MST-MAT, MST-PRO, AR2A-DN, AR2B-
DN o DF-1 e T3
4= cDNA (ZHA # 7oy %80 L T
¥k MSTN 7 78 7 O % iR 72 DS,
WAL 70Xy v 7 OREL g T L, F
NWZ 73/ (an) 19-266 (MST-PRO) &
aa 267 — 375 (MST-MAT) OMTHIKL, Fh
ZIC KM HA & 7 % 1 Tl 2 12 565
L7z, L22L, ZoOBETLHRMNIZY 287

Fast MyHC

Stage 25/26

Fig. 3.

Stage 29/30

Expression patiern of slow and fast myofiber MyHC during chick embryogenesis, as revealed by immunofluorescent
staining. AlexaFluor 594-labeled secondary antibody detects primary antibody bound to fast muscle MyHC (top) and
slow muscle MyHC (bottom). Cell nuclei were counterstained with DAPIL.
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T 51573,
ShTwihroiz.,

—7J5, MY F A 4 > ORDEFNC VS ¥ 7
¥ 72 ¢ b ActRIIA @ aa 20 — 137 (AR2A-
DN) %, & b ActRIIB ® aa23 - 133 (AR2B-
DN) %5 112«14"\0)’13“(312\75“531&)(?'f*f’ , BFLC
AR2A-DN TR & SN/ 7 v 7 HHNT &
A Eﬁi“(‘%é NTHBY, MEHANOEFIIHIY
Rohhdrol, TDEHIZ, ARZA-DN §
AR2B-DN & M % v 28 7 I L e &
NTWBEDORME I, ZOFPRIEIT 7N
BH O 20 LdEM SIS CM

DA RZT AR2B-DN>AR2A-DN T - 7.

AT, ActRUA & ActRIIB @ & 77 F v il %)
(SP) 12 HA # 7 %) % > MST-PRO & MST
- MAT # 27 X, AR2A(SP) -PRO, AR2A (SP)
- MAT, % 7-(% AR2B(SP) -PRO, AR2B(SP)-
MAT & L CHBl 387, TOFH, & 237
B 7 AR X ARRINTIE, EE50 Y

BEREH I NITIT & A E i

Stage 29/30
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T NVEH DA THEE L { MST-PRO,
MST-MAT D2 DWW T H CM ha+4
TWARELE ST w7z, EEA L AR2B(SP) -PRO
> AR2A (SP) -PRO > AR2B (SP) -MAT > AR2A
(SP)- MAT DT H - 7.

CNH AR DY 7 F VEH| o7 0 —
VTN RCAS XY % —~H#ft 2 T A
WAELTORBZ=RAT.

3. Wi BT A MSTN 1EFH o [ 2 %0 4
< 7 AW A C2C12 & Fvs T MSTN £/
L

Rt

ﬁz%;nz 7. 2% =M E70132.5% 7 VG
M THALTEE A AU THE L7z, ML 2
¥ 2237 H (IMST-MAT) (2K § B I A AV
50 ~400 ng/ml Tt MyHC $iifhA T gt TR
BRI EAEH LTI IR S ud
Motz 10% 7 VNG RBINGS AT C oM R

T AR L, Mllo<w—h—Th 5
histone H3-PHLIKTH 5 X1 o 7N TH T
RO LA oz ANEGILDTEEZ T 72
& &, C2C12 T3 MyHC o 55 15 B o> J5 A% 538 i
BEDLERLTLZEMBL T A, MSTN
B DR AL MR SR L TR 2B e ¢

Nt
r:'_-.-

Control

FGF2
20 ng/mli

(332% %45  2006)

<, BB TEDENFIEPLVEFTbIAT
5DT, C2CI2IEMSTNEFHHOBREZR L LT
BENEL, HTNEL TV ARVEEZLNS.
K2, =7 R }]&E@*ﬂﬁi—%ﬁﬁﬂﬂn’a CLM %
WTHEL. FOEE, MST-MAT 50 ng/
ml ’C;JTﬁJVIZ@?fN:‘Jf) Roh, ZoOrhFEIEH
BZxt L CH¥E TH o7 (Fig. 4). DF-1{lfg
T4 3 L 72 AR2B-DN i, AR2A-DN 3 = ® Hll
o~z % & e EMEAR N7z (Fig.
5). oI EIXESR MyHC TH#H X7 West-
ern blotting T il & 1 7: (Fig. 6).
MST-PRO & AR2A-DN, AR2B-DN Tl

STACIEETE M@ W HSH B &9 e S S ITHE
BT HLENHLDT, TN % RCAS IZHL
BOAA TSI L 7-. CLM TOHME Tid AR2A

-DNDSHITH AFUMFESILTW S, jf%
IS RN TR S E L7201, 7AW AN
7y — e IR 2 S Bl 2 e T A WL
Wb,

£ =

RBINY — 95, MSTN D45

NE|ANSS A

Control

MSTN
50 ng/mi

Fig. 4. Effect of recombinant FGF2Z and MSTN proteins on myogenic differentiation of chicken myoblasts during high-den-
sity primary culturing. Limb bud cells from a stage 24 embryo were cultured for three days in the presence or absence of
recombinant proteins, and fixed for immunofluorescent staining against fast muscle MyHC (AlexuaFlour 594 label), fol-

lowed by counterstaining with DAPI.
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Control
CM

AR2B-DN
CM

AR2A-DN g
CM

A S o

Fig. 5. Effect of AR2A-DN and AR2B-DN proteins on myogenic differentiation of chicken myoblasts during high-density

A R 4

primary culturing. Limb bud cells from a siage 24 embryo were culwred for three days with the serum-free conditioned
medium (CM) from DF-1 cells expressing AR2A-DN and AR2B-DN. Control cells were cultured with or without co-
ntrol CM. Cells were fixed for immunofluorescent staining against fast muscle MyHC (AlexaFlour 594 label), followed

by counterstaining with DAPI.

MSTN + + +
AR2A-DN + +
AR2B-DN + +

MyHC Lo B e ¥ v B e cav
(slow-type)
3500 \
3000 \\ y
2500 \ %\\ / -
2000 N\ %§ /?§ N §
i F~w = wm =B |
500 \\ \

Fig. 6. Competitive effect of AR2A-DN and AR2B-DN trom the conditioned
medium (CM) against recombinant MSTN during myogenic differentiation
of chick primary myoblasts. Limb bud cells from a stage 24 embryo were
cultured for three days in the presence or absence of CM and recombinant
MSTN. Myogenic differentiation was determined by Western blotling of
total protein with anti-slow muscle MyHC antibody, and was detected with
a peroxidase-labeled secondary antibody. The relative intensities of the
bands were densitographed and typical results are shown at the top. The
columns at the bottom indicate the relative intensities of the bands,
determined in three independent experiments.
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Involvement of Wnt4 Signaling During

Myogenic Proliferation and Differentiation of
Skeletal Muscle
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The direct effects of Wnt4 on myogenic proliferation and differentiation of skeletal muscle precursors are
examined. Wnit4 cDNA was misexpressed in the presumptive limb fields on the right side of stage 16 chick
embryos. Muscle development was evaluated at stage 37 with hematoxylin-eosin staining and
immunohistochemical staining for fast and slow types of the myosin heavy chain (MyHC). Overexpression
of Wnid resulted in up-regulation of Pax7 and MyoD1 expression. The muscle mass showed a significant
increase compared with that of the control limb. The area for fast MyHC-expressing cells showed a
significant increase, whereas a slight decrease was observed for slow MyHC-expressing cells. Wnt4 acted as
a stimulator during myogenic proliferation and differentiation, especially, for fast-type muscle in C,C,,
cells. The present results are identical to those of myostatin knockout, suggesting that Wnt4 is acting
against myostatin as an antagonizing signal for myostatin. Developmental Dynamics 236:2800-2807, 2007.

© 2007 Wiley-Liss, Inc.
Key words: C2C12; chick embryo; myogenesis; myosin heavy chain; myostatin; Wnt4

Accepted 14 August 2007

INTRODUCTION

Myostatin (GDF-8) is a member of the
transforming growth factor (TGF) -B
superfamily, acting through binding
to the type II receptor for activin,
ActRIIA and ActRIIB. Myostatin null
animals are significantly larger than
wild-type animals and show a great
and overall increase in skeletal mus-
cle mass (McPherron et al., 1997).
Myostatin binding to ActRII elicits
phosphorylation of Smad2/Smad3
through activation of type I receptors,
ALK4, ALK5, and ALK7 (Rebbapra-
gada et al., 2003; Lee et al., 2005).

Finally, myostatin acts as a specific
inhibitor of skeletal muscle growth
(McPherron and Lee, 1997).
However, the myostatin-responsive
genes involved in skeletal muscle for-
mation are unknown. Recently, myo-
statin-responsive genes in skeletal
muscle were studied by microarray
analysis (Steelman et al., 2006). To
validate changes in gene expression
identified with the microarray analy-
sis, a real-time and quantitative poly-
merase chain reaction (PCR) was per-
formed. Components involved in Wnt4
signaling were preferentially in-

creased in the skeletal muscle after
myostatin knockout, suggesting that
myostatin acts upstream of Wnt4 for
down-regulating Wnt4 signaling. In
the adult muscle of the myostatin
knockout mouse, expression of Wni4,
Dishevelled, Calcineurin, Calmodulin
kinase II, beta-catenin-binding pro-
tein, and Dickkopfl was found to be
increased, whereas sFRPI1, sFRP2,
and Dickkopf2 expression was de-
creased (Steelman et al., 2006). Wnt4
signaling was shown to stimulate sat-
ellite cell proliferation in skeletal
muscle (Steelman et al.,, 2006), in
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agreement with the suggestion that
Wnt members are known to be in-
volved in muscular renewal after in-
Jury (Polesskaya et al., 2003).

Several Wnt molecules have been
implicated as playing specific roles
during vertebrate limb development,
including induction of the early limb
bud, formation and maintenance of a
specific ectodermal structure known
as the apical ectodermal ridge (AER),
outgrowth of the limb, and patterning
of the limb bud axes (Dealy et al. 1993;
Parr et al., 1993; Kengaku et al., 1997;
Galceran et al., 1999; Kawakami et
al., 2001; Narita et al., 2005). Wnt4 is
expressed in the developing limb in
the chick embryo, especially in the
central elbow region and in the joint
interzones of the wrist-forming region
as early as stages 26-27. During
later stages, localization of Wnt4 sig-
nals has been observed in the joint-
forming regions throughout the limb
(Kawakami et al., 1999, Loganathan
et al., 2005).

Other members of the Wnt family
are also known to regulate myogenic
differentiation. Wnt signaling has
been implicated in modification of
the number of fast and/or slow types
of myofibers. For example, Wntll
decreases and increases the number of
slow and fast myofibers, respectively,
during embryogenesis, whereas Wnt5a
has a reversal activity on myofiber
specification (Anakwe et al., 2003).

However, the biological activity of
Wnt4 in myogenic differentiation and
proliferation of skeletal muscle re-
mains unclear. We examined the myo-
genic effects of Wnt4 overexpression in
the limb bud to evaluate the signifi-
cance of Wnt4 signaling in skeletal
muscle formation during embryogene-
sis. Wnt4 was shown to have low but
significant myogenic activity, useful
for recovery from wasting of skeletal
muscle in mild muscular dysfunction.

RESULTS

To analyze the potential roles of Wnt4
signaling during limb myogenic differ-
entiation, Wnt4 was overexpressed in
the right limb muscle precursors us-
ing the RCAS vector. We first deter-
mined ectopic Wni4 expression with in
situ hybridization at stage 28, 2 days
after virus injection, and at stage 30, 4
days after virus injection. Wnt4 was

expressed in the entire right limb
region at stage 28 (Figs. 1, 2A). We
confirmed Wnt4 misexpression by
immunohistochemical staining for
hemagglutinin (HA) tag added to the
C-terminal end of Wnt4 and found
similar distribution pattern for
Wnt4 protein in the right limb bud
as observed by in situ hybridization,
2 to 4 days after virus injection (data
not shown).

To examine the effects of Wnt4 over-
expression on muscle differentiation
markers, the expression patterns of
the Pax7 and MyoD1 genes were ex-
amined with in situ hybridization on
sections. Pax7 and MyoD1 expression
in the Wnt4-treated right limb bud
showed 1.2- to 1.3-fold and 1.6- to 2.7-
fold increase, respectively, over the
contralateral limb bud, when the ex-
pression area was measured and com-
pared in the same embryo at stages
28-30 (Fig. 2B,0).

The morphology of the injected right
limb was compared with that of a non-
injected left limb, serving as a control.
At stage 37, 7 days after injection, the
thickness of the zeugopod in the in-
jected right leg had significantly in-
creased (Fig. 3). The knee joint (artic-
ulate) showed hyperfiexion, and the
ankle joint showed hyperdorsifiexion.
We evaluated 23 embryos, and 18 em-
bryos (78%) showed similar pheno-
typic changes. We treated a total of 51
embryos, and 28 embryos were fixed
at early stages for evaluating gene ex-
pression patterns at different stages
with in situ hybridization.

When we compared the maximum
diameter and area of the leg on the
stained sections, the muscles of the
injected right limb showed an appar-
ent increase in overall muscle size in
the cross-sectioned area, compared
with the contralateral limb of the con-
trols (Fig. 4A). Fast and slow MyHC
expression was examined in the leg
muscles (Fig. 4B,C). The area for fast
MyHC-expressing cells of the injected
right limb was clearly wider than that
of the contralateral limb (Fig. 4B). The
area for slow MyHC-expressing cells
was not significantly different but
slightly decreased for the treated
limbs compared with the control limb
(Fig. 4C). The area for fast MyHC-
expressing cells in the treated limb
was significantly larger than that for
the control (P < 0.05), whereas the

area for slow MyHC-expressing cells
in the treated limb was slightly
smaller than that for the control, as
determined by measuring the area for
eight independent embryos (Fig. 5A).
Consequently, the ratio of the area for
fast MyHC to slow MyHC in the
treated limb was significantly higher
than that for the control (Fig. 5B).
There was no difference in these areas
compared with the contralateral limb,
when enhanced green fluorescence
protein (EGFP) -RCAS was injected
instead of Wnt4-RCAS (data not
shown). Thus, Wnt4-treated limb
showed the overall increase in the
muscle mass and significant increase
in fast-type muscle size after Wnt4
misexpression, accompanying ele-
vated expressions of Pax7 and MyoD1.

To confirm the role of Wnt4 during
myogenic development, C,C,, cells
were used to transfect with Wnt4 to
analyze muscle differentiation and fi-
ber-type specification. The number of
fast MyHC-expressing cells of the cul-
tures with overexpression of Wnt4
showed a significant increase com-
pared with those of the control cul-
tures (P < 0.01; Figs. 6B,D, 7). A
slight decrease in the number of the
slow MyHC-expressing cells was ob-
served in the cultures, with overex-
pression of Wnt4 compared with those
of the control cultures (Figs. 6A,C, 7),
although the difference between the
treated and control groups was not
significant. Identical results were ob-
tained in the similar experiments re-
peated three times.

To evaluate the interaction between
myostatin and Wnt4 signaling, C,C,,
cells were transfected with Wnt4HA
or EGFP in pcDNA3.2, and cultured
further in the differentiation medium
with or without recombinant myosta-
tin. Western blot analysis of the total
protein indicated phospho-Smad2 sig-
nal was greatly increased by myosta-
tin addition, whereas Wnt4 expres-
sion had no effect on Smad2
phosphorylation (Fig. 8). When Wnt4
was expressed by transfection, phos-
pho-Smad2 was not increased by myo-
statin addition (Fig. 8), suggesting
that Wnt4 antagonizes against myo-
statin at Smad2/3 phosphorylation,
thereby increasing myogenic prolifer-
ation and/or differentiation in C,C,,
myoblasts.
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DISCUSSION

Wnt signaling is known to play a role
in embryonic myogenesis (Cossu and
Borello, 1999; Buckingham et al.,
2003). An analysis of Wnt signaling by
gain-of-function studies in vitro
showed that an increase in the num-
ber of terminally differentiated cells
in a Wnt4-transfected cell culture was
associated with a significant increase
in the number of slow MyHC-express-
ing cells (Anakwe et al., 2003). Our
results showed that the number of the
fast MyHC-expressing cells after
Wnt4 overexpression significantly in-
creased, whereas the number of slow-
type MyHC-expressing cells slightly
decreased both in embryos and in the
cell culture. Although we cannot ex-
plain the differential effects on slow-
type MyHC expression after Wnt4, the
stage of the embryo used for the assay
may have an influence on responsive-
ness to the Wnt family.

Wnt signals are transduced through
at least three distinct intracellular
signaling pathways, the canonical
Wnt/B-catenin pathway, the Wnt/
Ca®?" pathway, and the Wnt/JNK
pathway (Miller, 2001), although the
downstream signal of Wnt4 has not
been elucidated. When we assayed
Wnt4 activity with a reporter assay
using TOPFLASH and FOPFLASH,
Wnt4 was shown to have an activity to
transduce signals through the B-cate-
nin pathway, although the activation
was not as high as that observed for
Wnt3a, a typical activator for the
B-catenin pathway (data not shown).

The Wnt/B-catenin pathway is
thought to play a critical role in em-

Fig. 1. Whole-mount in situ hybridization of
Wnt4 at stage 28, 2 days after Wnt4-RCAS
injection into the right limb bud at stage 16.
A: Ventral view. B: Right side view. C: Left side
view. R, right (treated).

Fig. 2. Expression of Wnt4, Pax7, and MyoD1 at
stage 30, 4 days after Wnt4-RCAS injection into
the right limb bud at stage 16. A transverse
section at the middle of the hindlimb on the
anterior-posterior limb axis. Ventral is on the
top. The left hindlimb is the contro! for the right
hindlimb infected with Wnt4-RCAS. A: Expres-
sion of Wnt4. The Wnt4 signals dramatically
increased in the right limb. B: Expression of
Pax7. C: Expression of MyocD1. Both signals
significantly increased in the right limb (B,C).
Scale bars = 1 mm in A-C.
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Fig. 3. Phenotypic changes in the right limb at stage 37, 10 days after Wnt4-RCAS injection into
the right limb bud at stage 16. A: Ventral view. B: Dorsal view. R, right.

L
SlowMyHC

Fig. 4. Effect of overexpression of Wnt4 on fiber-type differentiation in the chick embryo.
A-C: Hematoxylin—eosin staining (A) and fluorescent images (B,C) of a transverse section of the
stage 37 chick hindlimb that was infected with Wnt4-RCAS in the right hindiimb. B: Leg section
was visualized for fast myosin heavy chain (MyHC). C: Leg section was visualized for slow
MyHC. R, right; L, left; F, fibula; T, tibia; TA, tibialis anterior; EDL, extensor digitorum iongus;
FDL, flexor digitorum tongus; GPE, gastrocnemius pars externa; GP!, gastrocnemius pars
interna; GPM, gastrocnemius pars media; PL, peroneus longus. Scale bars = 1 mm in A-C.

bryonic myogenesis (Petropoulos and
Skerjanc, 2002; Pan et al., 2005).
Blocking the B-catenin pathway re-
duced the total number of myocytes,
and this effect was associated with a
significant decrease in the number of
cells expressing fast MyHC. Neverthe-
less, overexpression of Wnt3a has sig-
nificantly decreased the number of
terminally differentiated myogenic
cells (Anakwe et al., 2003). When ac-
tive Wnit3a was overexpressed, the
limb became malformed due to inhib-
itory effect on chondrogenesis, in ad-
dition to the ectopic AER formation
(Narita et al., 2007). Both the B-cate-
nin pathway and another noncanoni-
cal pathway are probably necessary
for proper myogenic differentiation.
Wntd signaling inhibits testoster-
one biosynthesis by repressing SF1/8-
catenin synergy (Jordan et al., 2003)
and acts to regulate sex determination
(Kim et al., 2006). Because androgens,
including testosterone, are known to
have anabolic activity to stimulate
myogenesis, inhibition of testosterone
biosynthesis is not involved in myo-
genesis after Wnt4 misexpression.
Whnt4 is expressed in the central el-
bow region and in the joint interzones
of the wrist-forming region at stages
26-27, and in the joint-forming re-
gions of the limb bud at later stages
(Kawakami et al., 1999; Loganathan
et al., 2005). Hyperflexion phenotypes
of the leg after Wnt4 misexpression
may not be derived from the effects on
chondrogenesis in the knee and ankle
joint (Hartmann and Tabin, 2000).
Endogenous Wnt4 expression was not
detected in the proximity of the mus-
cle-forming region during limb devel-
opment (Kawakami et al., 1999). Al-
though there is no direct evidence for
Wnit4 expressed at a far distance,
Wnt4 emanating from the joint-form-
ing region may affect myogenic differ-
entiation in the surrounding region,
thereby affecting overall leg shape.
Myostatin is an inhibitor of skeletal
muscle growth. Follistatin, a myosta-
tin propeptide (Hill et al., 2002, 2003;
Wolfman et al., 2003), a neutralizing
antibody (Whittemore et al., 2003),
and a dominant-negative receptor
(Lee et al., 2005) have been used to
block the function of myostatin. We
have also previously examined the ef-
fect of dominant-negative ActRIIA
and ActRIIB during skeletal muscle
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Fig.5. The effect of Wnt4 overexpression on fiber-type differentiation in the chick embryo. A: Area
of muscle cells expressing fast or slow myosin heavy chain (MyHC) in a transverse section in the
chick hindlimb at stage 37. B: Ratio of fast/slow MyHC-expressing area. Results are shown as
mean * standard deviation of eight independent embryos. *P < 0.05; NS, not significant.

Fig. 6. Effect of overexpression of Wnt4 on fiber-type differentiation in cultured C,C,, myoblasts.
A,C: EGFP was transfected in cell cultures as a control. B,D: Wnt4 was transfected in cell cultures.
Fluorescent images showing terminally differentiated C,C,, that has been visualized with antibod-
ies recognizing fast myosin heavy chain (MyHC; red) and slow MyHC (green). Original magnifica-
tion, x40 in A,B, X100 in C,D.

development by using a’' retrovirus
vector to misexpress in the chick em-
bryos (Takata et al., 2006). A stimula-
tory effect of myogenic differentiation
was observed in myoblast cell cul-
tures, although no significant effect
was obtained in vivo. Because Wnt4 is
presumed to be a downstream signal
of myostatin, a more intense and di-
rect effect is anticipated after overex-
pression of Wni4 to stimulate myo-
genic differentiation and proliferation
during embryogenesis.

Although Wnt4 was found to act as
a stimulator during myogenic prolifer-
ation and/or differentiation, espe-
cially, for fast-type muscles, increased
muscle masses in Wnt4-expressing
limb compared with the control limb
may be due to hypertrophy of the mus-
cle cells, rather than increased prolif-
eration. An increase in the cell num-
ber of fast MyHC-expressing C,C,,
cells may indicate the extent of differ-
entiation to fast-type myofiber, not
necessary . indicating increased cell
proliferation. The present results us-
ing Wnt4 misexpression are identical
to those for myostatin knockout (Gir-
genrath et al., 2005), because the so-
leus of myostatin knockout mice dis-
plays large proportion of fast type II
fibers and a reduced proportion of
slow type I fibers compared with wild-
type mice. Wnt4 misexpression re-
sulted in the similar phenotype on fi-
ber type differentiation in C,C,, cells,
and, therefore, Wnt4 is considered to
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Fig. 7. Effect of overexpression of Wnt4 on
fiber-type differentiation in cultured C,C,, myo-
blasts. The dot shows the number of fast and
slow myosin heavy chain (MyHC) -expressing
cells in cultures that have been transfected with
Whnt4 or EGFP. Mean * standard deviation (n =
10). **P < 0.01; NS, not significant.
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Fig. 8. Western blot analysis of phospho-Smad2 in C,C,, cells expressing Wnt4 or EGFP in the
presence or absence of recombinant myostatin. Expression constructs for Wnt4HA and EGFP were
introduced into C,C,, myoblasts by transfection, and myostatin (500 ng/ml) or vehicle was added
to the differentiation medium for 48 hr. Total proteins (45 pg per lane) were used for electrophoresis
and detected with anti-phospho-Smad?2 and anti-GSK3pB antibodies after blotting.

act against myostatin primarily on
fast-type muscles, as presumed by mi-
croarray analysis (Steelman at al.,
2006).

However, the results on phospho-
Smad2 suggest signal cross-talk be-
tween the myostatin pathway and
Wnt4 pathway (Fig. 8). Although
much works need to be done to find
out details on the interaction, both
myostatin inhibition and Wnt4 activa-
tion are useful to increase myogenesis,
especially for fast-type myofiber.

EXPERIMENTAL
PROCEDURES

Chicken Embryos

Fertilized specific pathogen-free White
Leghorn eggs were obtained from Nis-
seiken (Oume, Japan), and incubated at
38°C in a humidified atmosphere. The
embryos were staged according to Ham-
burger and Hamilton (1951).

Plasmid Construction

Chick Wnt4 ¢cDNA (Tanda et al., 1995)
was used for subcloning into expres-
sion vectors. EGFP c¢cDNA was ob-
tained from Wako Chemicals as green
fluorescent protein (GFP) pQBI-polIl.
To overexpress Wnt4 and EGFP cD-
NAs in C,C,, cells, these genes were
subcloned into pcDNA3.2DEST (In-
vitrogen, Carlsbad, CA). An HA-tag
was added to the C-terminal of Wnt4 -
using mouse Wnt3a ¢cDNA in pUSE-
amp (Upstate, Temecula, CA) that
contains the HA-tag sequence at the

C-terminal end, after restriction sub-
cloning to replace the full-coding se-
quence of Wnt3a with Wnt4. To carry
out misexpression in the developing
limb bud, the full coding sequences of
Wnt4HA and EGFP were subcloned
into RCAS (Hughes et al., 1987).

In Situ Hybridization

We examined the expression of the
Wntd, Pax7, and MyoD1 genes with
section and whole-mount in situ hy-
bridization. Embryos were fixed in 4%
paraformaldehyde (PFA) in phos-
phate-buffered saline (PBS) at 4°C
overnight and dehydrated in ethanol.
Whole-mount in situ hybridization
was performed as described using
Wnt4 ¢cDNA and other cDNAs as tem-
plates for probes (Kawakami et al.,
1999). Dehydrated embryos were em-
bedded in paraffin and sectioned with
a microtome at 7-pm thicknesses.

Section in situ hybridization was per-
formed as described previously (Ito et
al., 2007). Chicken MyoDI1 c¢cDNA was
generously obtained from A. Kuroiwa
(Yamamoto and Kuroiwa, 2003).
Chicken Pax7 cDNA was amplified with
a PCR using the following primers
based on the chicken Pax7 sequence (ac-
cession no. NM_205065): 5'-CACCATG-
GCAGCGCTCCCCGGGA-3' and 5'-
TCAGTAAGCTTGGCCTGTCTCC-3'".
The amplified ¢cDNA was cloned into
pCRII-D-TOPO and identified by se-
quencing.

Misexpression in the Chick
Limb Bud

To prepare recombinant viral parti-
cles, the RCAS construct was trans-
fected into DF-1 cells (ATCC; #CRL-
12203) using Lipofectamine 2000
(Invitrogen). Cells were grown in the
culture medium (2% fetal bovine se-
rum [FBS] and 1% chicken serum in
Dulbecco’s modified eagle medium [D-
MEM)]). After confluence in a 2-cm cul-
ture dish, it was replaced with 2 ml of
fresh medium (2% FBS and 1%
chicken serum in D-MEM). On the
next day, the medium was replaced
and harvested as primary viral stock.
After medium replacement four times,
the medium was pooled. To concen-
trate the virus particles in the culture
medium, it was centrifuged at 4°C for
10 min at 20,000 rpm to remove cell
debris. The clear supernatant was
transferred into a new centrifugation
tube, and centrifuged again at 4°C for
2 hr at 20,000 rpm. After the major
part of the medium was discarded by
aspiration, the virus particles in the
bottom pellet were resuspended in a
small volume of the remaining me-
dium (approximately 200 pl). The ret-
rovirus was injected into the presump-
tive limb fields on the right side of
embryos at stages 15-17 with a micro-
injector (IM-300, NARISHIGE, Ja-
pan). After 2 to 4 days of reincubation,
the embryos were fixed in 4% PFA in
PBS and the gene expression pattern
was determined using in situ hybrid-
ization. Seven days after injection,
embryos were sectioned in a parallel
position to prepare equivalent sec-
tions along the proximodistal axis for
the right and left legs, which served as
treated and control limbs, respec-
tively. As a control experiment, we
used EGFP-RCAS in place of Wnt4-
RCAS for transfection and misexpres-
sion.

Cell Culture and
Transfection Assay

The C,C,, cell line (myoblast-like cell
line from C3H mouse} was obtained
from RIKEN Cell Bank (RIKEN,
Wako, Japan; Yaffe and Saxel, 1977;
Blau et al., 1983). Cells were propa-
gated in the culture medium (10%
FBS in D-MEM). At 12-24 hr after
subculturing, transfection was per-
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formed using Lipofectamine 2000 re-
agent according to the manufacturer’s
instruction (Invitrogen). C,C,, cells
were transfected with 2 pg of Wnit4HA
or EGFP in pcDNA3.2 in 2-ml culture
dish (35 mm diameter). The trans-
fected cells were cultured in a differ-
entiation medium containing 2%
horse serum in D-MEM. After further
culturing for 72 hr, cells were fixed
and then
stained for fast-type MyHC and slow-
type MyHC.

Western Blot Analysis

Cells were propagated in the culture
medium (10% FBS in D-MEM). At 24
hr after subculturing, C,C,, cells were
transfected with 10 pg of Wnt4HA or
EGFP in pcDNA3.2 in 10-ml culture
dish (100-mm diameter). The trans-
fected cells were cultured in a differ-
entiation medium containing 2%
horse serum in D-MEM. At 24 hr after
transfection, 500 ng/ml of recombi-
nant myostatin (R&D Systems, Min-
neapolis, MN) or vehicle was added.
After further culturing for 48 hr, cells
were harvested and used to prepare
total protein extracts. Western blot-
ting was performed as described pre-
viously (Ito et al., 2007). Rabbit anti—
phospho-Smad2 antibody (Ser465/
467; Cell Signaling, Danvers, MA)
was used as primary antibodies at di-
lutions of 1:1,000 by incubating over-
night at 4°C. To estimate protein re-
covery during preparation, rabbit
anti-GSK3B antibody (H-76; Santa
Cruz, CA) was used as the primary
antibody at a dilution of 1:200. Perox-
idase-linked anti-rabbit IgG antibody
(Amersham Biosciences, Bucking-
hamshire, UK) was used as the sec-
ondary antibody for chemilumines-
cence detection.

Immunohistochemistry

Dehydrated embryos were embedded
in paraffin and sectioned with a mic-
rotome at 5 pm. Immunohistochemi-
cal staining of sections was performed
with the VENTANA HX SYSTEM
Discovery (VENTANA Medical Sys-
tems, Tucson, AZ). Muscle differenti-
ation was estimated by immunohisto-
chemical staining using the following
primary antibodies; anti-slow MyHC
antibody (M8421, Sigma-Aldrich, St.

immunohistochemically

Louis, MO) with a 1:200 dilution in
PBS, and anti-fast MyHC antibody
(M4276, Sigma-Aldrich) with a 1:100
dilution in PBS. Afier 60-min incuba-
tion, slides were washed and treated
with Alexa Fluor-conjugated goat an-
ti-mouse IgG (A11032, Molecular
Probes, Eugene, OR) with a 1:200 di-
lution in PBS. The data were analyzed
using IPLab/Win Version 3.6.5a
(Scanalytics).

Cell cultures were fixed in ethanol:
formalin:acetic acid:H,O (14:2:1:6, v/v)
at room temperature for 10 min. After
washing three times with PBS, cells
were treated with 2% goat serum, 2%
skim milk, 0.2% Tween20 in Tris-buff-
ered saline (TBS; 50 mM Tris-HCl, pH
7.5, 150 mM NaCl) at room tempera-
ture for 30 min. Then the first primary
antibody, anti-fast MyHC antibody
(M4276, Sigma-Aldrich) was used with
a 1:400 dilution in PBS at 4°C over-
night. After washing three times with
TBS, the first secondary antibody, Al-
exa Fluor 594-conjugated goat anti
mouse IgG (A11032, Molecular Probes,
Invitrogen) was used with a 1:200 dilu-
tion in PBS at room temperature for 60
min. After washing three times with
TBS, the second primary antibody, anti-
slow MyHC antibody (M8421, Sigma-
Aldrich) was used with a 1:1,000 dilu-
tion in PBS at 4°C overnight. Then,
after washing three times with TBS,
the second secondary antibody, fluores-
cein isothiocyanate—conjugated rabbit
anti-mouse IgG (F9137, Sigma-Aldrich)
was used with a 1:200 dilution in
PBS at room temperature for 60 min.
The nuclei were stained with 1 pg/ml
4' 6-diamino-2-phenylindole solution
(DOJINDO, Japan).

For statistical evaluation of muscle
differentiation, the numbers of nuclei
in the MyHC-positive cells were
counted in three different randomly
chosen views of 10 independent cul-
tures.
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