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Versican Is Required for Neural Crest Cells

Tomosato TAKABE', Sachiko MIYAGAWA-TOMITA?*?, Naoyuki ISO-0*, Toshio NAKANISHI?,
Naohide YAMASHITA', Kuniaki OTSUKA® and Takashi NAKAOKA®*®
'Department of Cardiology, Koto Hospital
“Department of Pediatric Cardiology, Tokyo Women's Medical University
3Division of Regulation of Cardiovascular Development and Differentiation, Tokyo Women's Medical University
“Department of Advanced Medical Science, the Institute of Medical Science, the University of Tokyo
*Department of Internal Medicine, Tokyo Women's Medical University Medical Center East

The embryonic heart is formed through the dynamic recruitment of cells from the second heart field and
neural crest in addition to the primary heart field. The expression of versican, an extracellular matrix protein, is
disrupted in the heart defect (hdf) mouse by the insertion of the transgene into the Cspg2 locus. Therefore, the hdf
mouse is a good model to examine the function of versican. Homozygous hdf (hdf/hdf) embryos display several
cardiac anomalies, including an immature cardiac outflow tract. In this study, subtractive hybridization revealed
a decreased mRNA expression of several genes associated with cell survival and a normal development of the
neural crest, including Mdk, Cdk4, Skp2, Hspa8 and Crabp1 in hdf/hdf embryos. The initial delamination of the neu-
ral crest from the neural tube epithelium appeared to be normal in the hdf/hdf embryos, however, no steams of
the neural crest cells towards the pharyngeal arches were observed at E9.5. Moreover, LysoTracker and
TUNEL staining showed that massive apoptosis occurred in the cephalic mesenchyme of the hdf/hdf embryos,
thus indicating that versican may thus promote the survival of the cephalic mesenchymal cells, contributing to
the neural crest cells at the early embryonic stages.

Key Words: versican, Cspg2, Crabpl, heart development, neural crest
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Fig. 1 The representation of the heart field

A: E95 wild-type embryo (18 somite pairs) was whole-
mount stained with digoxigenin-labeled riboprobe
for Isl-1. B: The stippled area represents the tissue
dissected for this study, which consisted of the heart
tube and associated pharyngeal tissue, including parts
expressing Isl-1; anteriorly, the second pharyngeal, and
posteriorly, the dorsal mesocardium which is continu-
ous to the distal end of the heart. C & D: E9.5 embryos
before (C) and after (D) dissection of the heart field. Ot,
Otic vesicle.

HEEZOLND.

WAE, HERT b T E 72 Fi DR R LA
BRI R ICEETH S I EDHALITEN,
CZ10BFED D HIZHHFLIRIC BT 5 BAM OO
TERICE T AT R E LRELZ T2, — RO
R, (FERT b T & 72 FROIRATERM) 12
AT RGBS, & b3k,
CAMVERTERRE 2 &2 F T E D F 0 BFRD®
BWEEZ LN TWMERA O IERRIZT A+
SV IIREELTWwAZEFHLPIZh>TETWY
AP F 72 microRNA (miRNAs) @ X 9 7 noncod-
ing RNAs O .LIBIEEA~NDESICOoWTHHEEIN
TwaY,

Heart defect (hdf) =7 A IHEOBFEHRFE % 2
L, SEEAEHREEISOERBBROKEESL L 0L
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ZOPWABEREE 2L EILS T TIIHTT S
hdf <7 A NT VAV 2=y 7wy AERFIE
REINIBMT, b5 VAV — VA 13 B4t fp
D Cspg2 BIZFHIMIZTHA SN, € DR Cspg2
BIZFAa— Py oM<ty 7285 Y7 g
THAH/N— U ¥ versican DEBEPBEE I TN
Y. hdf = 7 2GR B2 D 72 D a3
FEICE D 70, A O I BT O 757184 %
BRATHADICRVEFTVTH L. BHETIE, EE
U AT hdf = 7 AT O LB T, F
HOKT LT 2 BB ORI BERAED
BERTHDEEZ, TOBFEZHOLNITALENT
AT 2 AT o 72,
WRELUVHE

hdf =7 AEHF T A - h T4 FERREMEA
M) % Roger R.Markwald X & Y fit 5 & h, C57
BL/6 O R CHERE L7z, BRIT OGS IX 2 % 7 72
L7ZZHOEF% E05 & LTRL, & HICTEREZIRE
1& Kaufman O FEHEIZHEWRETE 0 & HIBT L 72,
V) ZA Y7 FL : ccataaagectgtgtgaaatgee,
Bl : cagggttactgacagtccaagetec B & UF B2 : aactect
ttctggaataccccatce D 3TEDO T I A v — % HW T
PCREIZ L »TiTo 2. FEDOTY RIIHEAEISH
THRBENICAT O H 5\ VITTFAR L ASICKET
& 7298, R D728 6/8-F : gegactgttggagaacttcagg
¢ 6/8R : ttcaaatgagtctggtaactcggg D 7 J 4 % —
% w72 RT-PCR & JiifT L 7.

AIFFE T, E95 DEIF L D Fig 1B IR Ml
A DEES S U TRIL AWz, ZoEBIEE
RO IR AR, Isl-1 A3FH LT B 2R
R EIRY % & . HifRiE TRIzol Reagent (Invitro-
gen) IZVEMR L, MHEEE T-80C TREL, £0%
RNA ##H% L, iScript(Bio-Rad) Zf#H L T cDNA
EAERL 72,

BIR T BUENT X PCR-Select™ ¢cDNA Kit (Clon-
tech), PCR-Select™ Differential Screening Kit
(Clontech) #fHLCH 7 +5 7 v a viExiro
2. NIV AV v JEEICK B LacZ ) K—
Y —BETHEADOYT N5 7Y a vEANORE L K
ET 57010, BEMIANT BBEEGKRE MR 72T~
TV Sl L7z RNA B (B4R - AT 1 ff) &k
ERAERD RNA B (FE8) LORB#ITo 2. ¥
T3 a VECE o THEONREREHRTE
HPET LT A EEEDH 5 EEF I1E pCRS-
TOPO X% # — (Invitrogen) I7 a—=> 7 L7.
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Table 1 The seventeen genes down-regulated in hdf/hdf heart field

Relative Quantity of mRNA

GenBank Gene p-value
Wild-type hdf/hdf

Neural crest marker

BC065787 Crabp1* 11812 22+20 <0.01
Apoptosis, cell cycle regulation

NM_020558 Cid 92+08 47+04 <0.01

NM_009870 Cdk4* 71.2+20.1 21755 <0.01

BC098371 Skp2 12+02 0302 <0.001
Secreted factors

NM_001012335 Mdk* 44+16 1.0+06 001

BC008695 Meteorin* 83+32 2103 001
Dynein complex

AB010297 Arpla 1907 07+02 ' 0.02

M25825 Dynlt-1 0.1£0.03 005+0.01 <0.001
Expression in undifferentiated cells

BC106193 Hspa8* 169.2+10.7 773+99 <0.01

BC001994 Actléa 22+05 04+01 <001
Others

BC034602 Cedc72 166+79 64+1.2 0.05

NM_007971 Ezh2 55+23 1712 0.03

BC003429 Atpbolgl 1.6+0.3 1.1+04 0.04

BC058769 Srp72 1301 03+0.2 003

BC031544 Acsl5 1.0+03 05%0.02 0.01

NM_023203 RIKEN 2410015N17 40+04 08+0.2 <001

NM_029639 RIKEN 1600029D21 0.1+0.04 0.01£0.005 0.05

The Relative Quantity of each mRNA was normalized to that of gapdh and expressed as percent-
age of gapdh (mean = SD). Acsl5, acyl-CoA synthetase long-chain family member5; Actléa, actin-like
6A; Arple, actin-related protein 1 alpha-isoform; Atp6vigl, ATPase H* transporting lysosbmal V1
subunit G1; Cedc72, coiled-coil domain containing 72; Cdk4, cyclin-dependent kinase 4; Crabpl, cel-
lular retinoic acid binding protein I; C1d, nuclear DNA binding protein; Dynli-1, dynein light
chain; Ezh2, enhancer of zeste homolog 2; Hspa8, heat shock protein 8a; Mdk, midkine; Skp2, S-
phase kinase-associated protein 2; Srp72, signal recognition particle 72. * The genes whose WISH

patterns were presented in Figure 2.

YTV va ETHH I IR TEIAED
B B H BT I LT PCR EWAHY 150~300
bp DEEK 2B LHIICPCR 794 v —%gkElL
real-time PCR ¥ % fi{T L 72. PCR )& & Quanti-
Tect SYBR Master Mix (QIAGEN) A L, #%&
95T 1 %4 7 Voo, #ZEM: 94T 30 #/,
7 == Y7 60C30 #H, MERG72C30HH%Z
BbH A7 VOEETHITLZ MIEDLDO
glyceraldehyde-3-phosphate dehydrogenase (gapdh)
774 — O LEFEROBEa Y bo—LE L
T Myosin light chain 2v (Mic2v) 794 <% —, +=%E
AR EMIC Cspg2 794 — 2R L7

R—=v=o Y MasitunA 7I)FAE—T g v
(whole mount in situ hybridization : WISH) i
Moorman 5I12& 570 b I—VIZENWY TF 57
Z VR R T =T R HWTITo 720 JRFORE
E1X4% Paraformaldehyde % i L 4C T—H

BELZ A=V PTYIF VT = VR
UTPY K 7 1o — 7 % LI & & & % Anti-
Digoxigenin-AP Fab fragments (Roche) & NBT/
BCIP stock solution (Roche) # W TERTHL
g, V¥V VERY RO —T LIS
SH7EE <Y AR/ X C Tissue-Tek OCT
compound (Sakura Finetechnical Co. Ltd.) % f#H
L, B ldum OFFED 2 ER L7z,

ek 7 R b= ¥ 2122w T Lyso
Tracker® Red DND-99 (Invitrogen)” 8 X UF, Apop-
Tag® Peroxidase In Situ Apoptosis Detection Kit
(Chemicon) % B \»7z TUNEL (terminal deoxynu-
cleotidyl transferase mediated dUTP nick end label-
ing technique) #* 2 47Vv>, M5 L anti-phospho
histone H3 ¥4k (Upstate) % H\W 7= ELM % 1T >
7. EREYWHFO7 R = AL TiE, TUNEL
¥ 12 & Y ApopTag® Peroxidase In Situ Apoptosis
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Detection Kit (Chemicon) % L4To72. F&IC
I% DAB Peroxidase Substrate Z i L, ZiR CT&
[N g A

gt

U7 NV% A4 APCR T% O N2 K mRNA &
X, gapdh THEELS—%t ¥ R L= (EOE+E
HRZE). BAERM, ~A7FofEaks, FEBEEGEHOM
B mRNA B2 BT 5 H BEME 21T Student t-
test 1T\ p<0.05 THREAFWIZEE L L7z,

#®w O OR

YT LTG0 v a VEDORER, SERGHEOLEEA
BRTREILBET LTV EETOBRHL LTH
2000 D7 0 —YZiMB Lz RIINATY 54
Y= arEiTv, REHELBFAR - AFulETy
FFNVIZENRD NI 120D 7 10— iZonT
VT7NVE A ALPCRR2iTo7:LZ A, 17TEETICH
L COREBEAEERICB T 2 BIURT AR Sz (Ta
ble 1).

NG 1T HOBEFORBRNY — V2 HAT 5
7eoll, TNENOBREFICRENZ) R T0—7
ZAEH L E9S (156~211KH) oH AR~y 2T
WISH % & & 72. % ® & # heat shock protein 8a
(Hspa8), cyclin-dependent kinase 4(Cdk4), S-phase
kinase-associated protein 2(Skp2), midkine (Mdk),
cellular retinoic acid binding protein I (Crabpl) ® 5
BOBZ T L THAR, SERAERS D EIS
<Y R BT A RBOE R TE 2. Mdk
SEPAERITHRICE 1 BERICRRBIL Tz, ok
EEAKRTREBLALRIABPROON 2D o7
(Fig.2C, D). Hsp8, Cdk4, Skp2 13\ 3" & B AR
BOWTIREES L ABRITER TRAVRED bz
(Fig.2E, G, I), ®EHEEEKRTIIHL »ICHBAIK
TLTw(Fig.2F, H, ). MEMigD~—7—
ELTHMOLND Crabpl EBEICHREENTWD L)
129, BPAERICHRER, AREMEE A (55 4, 5 6 FMNE
rhombomere) 2 & % 2 85 & 8 3~6 5 JRIHE\[A]
D) MIROFEH L L CHERB SN (Fig 2K). HE#
 AERTIRZFORBIRIELTB Y, BHE, AHIRE
BOARFE L TRD b/ (Fig. 2L).

FARRRMAZIZ OV T E HIZRETT 5 BB TEIS
LD EORIRTH WISH 217 o 72. B85 DHARIT
Crabpl OFEBUIER, FBEHMEHICEBLTEY,
REEASRLFAR L TERED P72 (Fig 3
A, B). L ZADEN2S Tid, B4R Tl Crabpl
ZZEMW D HERS A ) BIRDFRHRD 5 /-D
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XL, REBEETCIEES A ) RO RIS
y—rix@O LN o7 (Fig 3C, D).

Crabpl DA O Mt M~ — A~ — TdH % ErbB3
IR E SN TS X IZPEF AR T Crabpl X
D b FEM O AR MBEIC R EAARD Sz, E925
DEAERTERD L NI 5 MIROFH
¥ — VI REBEAARTIEHEELL Tz (Fig. 3E, F).

Cdk4, Hsp8, Skp2 B & U° Mdk (& f B B % 7 R
F—YZACEELTWAZEDRHONT WSO,
E85~9.5 D AT % Fv> THIBLSE DFRMT % 4T - 7=
TUNEL 2 & 2 e TR EHEAARICB W TESS
6 E9S5 I THE MRS BT 2 Mgt ¥
mAsee 57z (Fig 4A-D). LysoTracker et i g
EAPHO T ACBOWTCT RNV RAEBT S
& XN TWB ™, LysoTracker 12 & A #Ef
WCBWTH AR R EEERIZB W THER®
ORI A TEAZRARRLIE DB INATRED Hh 7z
(Fig.4E, F). Mg c L <idy vBibe 2 b~
H3 Pifk % W7 24T, S EREGHICTB W TH
ML DR = R (Fig. 4G, H). TUNEL 3t
L7z FARIC E95 OB AR & g LTk
EHARICBNTHEE L ELHEMARTY 77
WV OBEEHFRD bz (Fig. 41, ]). SEHEAEKICE
V% B FERROMBEIE A < Fd bR,
ARFEHERIZ BT Copg2 B L TV 5 HiR
(Fig.4K, L) £33 —HLTw FLBART
Crabpl BIZT-A3RE L T % HHIR D M KL FE 235
LTWABHEBICE Fh Tz as, MiIIEIX Crabpl
BT B RE THRE © & O AR L v
#HPICED b7z,

2 =

A DB T —ROBIR BRI AT 5 AL
R, OISR, AR, (OB ER
HAL H SR DMEBBEEATI D ) A SN TIT Lo TR
L7z BT S 5.

AFFEIC BT, MERMBOREN ~— A —
D—=DTH 5 Crabpl "7+ 57 a ikl o
THIH S, 2O EIS O hif SEEAKTE
HIZBRDP L TwWB IO R o7 FAEROD
E85 TIIfiRE L RENMEOHAMICHEB L7
Crabp1 O FHL 03 E9.25 LARE I BRI~ 18 2 9 IR
DERL LTEDLNL-80, ZHITHEEMED
EEEZRLTWLEEZ LS, TR LT
AR D B85 TIXFFAER & FARICHZEE & EFIE
EOREGHD Crabpl DFEBRN RO b2, EI25
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hdf/hdf

Fig. 2 WISH of the genes down-regulated in hdf/hdf embryos

E95 wild-type (Wt: A, C, E, G, I and K) and hdf/hdf (B, D, F, H, ] and L) embryos (18-21 so-
mite pairs) were whole-mount hybridized with digoxygenin-labeled riboprobes for Cspg2
(A and B), Mdk (C and D), Hspa8 (E and F), Cdk4 (G and H), Skp2 (I and J) and Crabp1 (K and
L). Cspg2 expression was observed in the trunk mesenchyme in the wild-type embryo (A),
but not in the hdf/hdf embryo (B). Mdk was expressed in the pharyngeal arches of the wild-
type embryos (C). The expressions of Hspa8 (E), Cdk4 (G) and Skp2 (I) were observed in the
pharyngeal arches and on the medial side of the body trunk in wild-type embryos. The
expression of Crabpl was abundantly observed in the mesoderm of the wild-type embryo (K),
but it was faint and restricted to the dorsal part adjacent to the neural tube in the hdf/hdf
embryo (L). Ot, Otic vesicle.
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hdf/hdf

Fig. 3 WISH of the NC markers
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At E85 (8 somite pairs, A and B) or E9.25 (15 somite pairs, C-F), wild-type (Wt: A, C and E)
and hdf/hdf (B, D and F) embryos were whole-mount stained with digoxygenin-labeled ribo-
probes for Crabpl (A-D) and ErbB3 (E, F). At E85, the expression of Crabpl (arrowhead) was
restricted to the hindbrain mesenchyme in a manner similar to that seen in wild-type and
hdf/hdf embryos (A, B). However, at E9.25, a stream emanating from the preotic hindbrain
mesenchymal portion of Crabpl expression was observed in wild-type, but it was missing
in the hdf/hdf embryos (arrowheads in panel C vs panel D). At E9.25, ErbB3 was expressed
in migrating NC cells as streams from the hindbrain mesenchyme towards the pharyngeal
arches and nasal process in wild-type embryos, but the stream of ErbB3 expression was
disrupted in the hdf/hdf embryos (E, F). Ot, otic vesicle; Md, mandibular prominence; TI, sec-

ond pharyngeal arch.

LR TR H ) SRR EA R b Cwiz, &
DT Eph, BRI -MEERIRICET 2 MR~ D
DAL FREBEEBRIIBVTHERITEZ T3
A%, — B b L7z i SE M DM & 5 W IdEE DS
BEINTWEZ LR ENTZ. Crabpl (SHHREE
THMEITMIL L 0 BEC LNV TOREAIED S
NADS, Fig M OB ICBIT 5 BV~ 7
FOVEEIIREREFRVWEORBETH 5 W RS
» 5. ErbB3 & Crabpl &3 LM DR o 1 1#%
e~ — —TdH 575, ErbB3 DFEFICELT
B S REE [ ) BIRDFEB N5 — VAR
LTw7, ZoRSMBATOR, 2B EFER
DETEVH L0 bt LAMIEHEZ O b D) E
ESNTVLUREEIRTLEEZLNS.

vy A 13EFHBMARITDH B Copg2 EART 13 15 1H

DLy U HLBRINTEY), T2V r 208
MHOLIZ IV YOFETHGLRIFAL Y, 27V 78
7 GAG-a, GAGB NAAL ¥, =7V 9hbL oy
YISDBEBFETHGCI FAAL VICENEFRTIGT
BYN—=T A E Cepg2 Ik ) a— FE s
B N w7 A s ThDH, FDIEH 7% splic-
ing variant & L C VO, V1, V2, V3 HE SN TH
0, Gl GAG-a, GAG-B, G3DE AL v DAL
hEICEDET AV 7+ — LD END. hdf =
TAE NI VAV oy R CERRE TN
R TH S, Cspg2 BInFT 7YY 6THDA >
fgr&xryr78ManA > ba oz Hoxa-
/LlacZ b Y AY =V S @ASINT ) LA BETFO
BREEIRIY, GAG-o, PO—FHHEWIEIHH =&
LN=TH U TAVT 4 —ADIEELRREPEE X
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hdf/hdf Wit

Wt

hdf/hdf

Lysotracker phospho-histone H3

Fig. 4 Massive apoptosis was observed in the cephalic mesenchyme of the hdf/hdf em-

bryos

A-D: TUNEL staining of E&5 (A, B) or E9.5 (C, D) wild-type (Wt: A and C) and hdf/hdf (B
and D) embryos showed increased apoptosis in hdf/hdf embryos. E, E: E9.5 wild-type (E)
and hdf/hdf (F) embryos were reacted with LysoTracker™ Red. The wild-type embryo
demonstrated minimal apoptosis (E), whereas the hdf/hdf embryos showed extensive
apoptosis (F). G, H: Anti-phospho histone H3 staining of E9.5 wild-type (G) and hdf/hdf (H)
embryos showed decreased mitotic activity in hdf/hdf (H) embryos. I, J: TUNEL stain-
ing for transverse sections from E9.0 wild-type (Wt 1) and hdf/hdf (J) embryos showed
increased apoptosis in the mesoderm of the hdf/hdf embryos. K-N: Transverse sections
from E9.5 wild-type (Wt K and M) and hdf/hdf (L and N) embryos were hybridized with
digoxygenin-labeled riboprobes for Cspg2 (K, L) and Crabpl (M, N). The area of apoptosis
detected in the hdf/hdf embryos mostly overlapped with the area of Cspg2expression in
the wild-type embryos. Ht, heart tube; Md, mandibular prominence; Nt, neural tube; Ot,
otic vesicle; I, second pharyngeal arch.
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DIZEBYHT-2bEVwo2#EDH B, Splotch
X7 AL Pax3 BIETFORETHELZYTVATHS
A, MESEREL=7 M) RORRR & FEARICH
AL OB E B X ORREIREE < NRBIIRE R
B IO OHHEREREEED 5N 5. Splotch D FE
BARIZ E135-145 ICHRAETIBICE 5 25, hdf A EH
ARDIEAEZIEICE S K (E105) 2B TRAES
5%, MM BENRE L= MRS,
Ellsowy 2 L ABHEEEsSNE =7 M) R X
Dy ELEXTHA. Splotch 7 A2 DLILE BF I
SRR ERECHEEL TR EEZ LN
A%, hdf DRAETFEICHE L ORI ICEE L
REOATHHT A LR LV EEZZONE, —
HCROBERBEIBICERTL Tl D v 77T
7 by ACBWT Crabpl DFEBK T2 5
EDRHESRTWDEY. FLARERELZ=T b
)T R OBIEREROEENEESIND LD
HESNTED®, hdf <7 ADMBERKFBICHL T
PRI I8 & RS & M BERABIS L
TWAIREEbELONS.

hdf R EHEABRCBVWTEN—VH VOEFELRFE
BAREE S N2 8 E9.0-E95 o R 1 B B B FE k12
BOWTHIBESRIY, O EPFEEND L VIE
HEMICHRREROBEICEHE LWL EEZD
N5, EEOFREBETIEIN-VH v HEKIZEE
CHRSEHIIE DEE DO D R IR L TV 21t
12, BEEBREIFERRIC BV OMliE & MRSt A o IR ET B
BEERE>TWBMEREDEZLOND. hdf DK E
BARICBWTHRD SN MEEMBOEETZ O
Ty AETFIVIEBT B ORHRHBEORRA LI EEE
5V IEEENICES LTV EEXbNS.
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REFFE T EIS v 7 ARFICBIT 2 BETHB
FRAT 24T\, hdf < 7 2BV THESEM O~ —
H—D—DTdH % Crabpl BIZT OFEHAFEHIZIK
BLTWBZERHLP Lol hdf R EEAREK
2BV T HHRE LD O MRSRMRE~ OB T
FEAR L BRI o TV 525, TREERME L 724
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N7z MR OEEDEEDFERES S IEAME
ZN—= 7 v BRI O EE D72
DDA L T I BEERR TR B VT
Ba % JIRAFE D SARE LT 5B & E 2 5 AR
DEFIZBIFBN—=VH VY OEHEIREIN. &
%, MBAEGIICBT 2 MR OEE I

—169—



26

ST I & AR ELERI L, O I R BT S
B LTwAN S RRAPLETHLLERD
hs.

E

RO~ REH R M & (FEEst (C) #RE
%5 21591383, AfFefEH - HigkE HES  CSPG2
BIZTFOleAMGRIE RIS BIT 51%E) CXoT
Torz. EROFEMMBECEHL TH FIAEKICERHT
B, E V=T VAN —CREITRAOFABICELT
HEKZEERZMEFR b7 ok 5 — LB EER
faa T 5.

BN 9 & FZRAH SOIRRR 1 72 .
X ®

1) Lloyd-Jones D, Adams R, Carnethon M et al:
Heart disease and stroke statistics—2009 update: A
report from the american heart association statis-
tics committee and stroke statistics subcommittee.
Circulation 119: e21-e181, 2009

2) Ferencz C: On the birth prevalence of congenital
heart disease. ] Am Coll Cardiol 16: 1701-1702, 1990

3) Fishman MC, Olson EN: Parsing the heart: Genetic
modules for organ assembly. Cell 91: 153-156, 1997

4) Kelly RG, Brown NA, Buckingham ME: The arte-
rial pole of the mouse heart forms from fgf10-
expressing cells in pharyngeal mesoderm. Dev Cell
1: 435-440, 2001

5) Mjaatvedt CH, Nakaoka T, Moreno-Rodriguez R
et al: The outflow tract of the heart is recruited
from a novel heart-forming field. Dev Biol 238: 97—
109, 2001

6) Waldo KL, Kumiski DH, Wallis KT etal
Conotruncal myocardium arises from a secondary
heart field. Development 128; 3179-3188, 2001

7) Hutson MR, Kirby ML: Neural crest and cardio-
vascular development: A 20-year perspective. Birth
Defects Res C Embryo Today 69: 2-13, 2003

8) Markwald RR, Trusk T, Moreno-Rodriguez R:
Formation and septation of the tubular heart: Inte-
grating the dynamics of morphology with emerg-
ing molecular concepts. In Living Morphogenesis of
the Heart (De la Cruz MV ed), pp43—84, Birkhiuser,
Mexico (1998)

9) Harvey RP: Patterning the vertebrate heart. Nat
Rev Genet 3: 544-556, 2002

10) Buckingham M, Meilhac S, Zaffran S: Building
the mammalian heart from two sources of myocar-
dial cells. Nat Rev Genet 6: 826-835, 2005

11) Kwon C, Han Z, Olson EN et al: MicroRNA1 influ-
ences cardiac differentiation in drosophila and
regulates notch signaling. Proc Natl Acad SciU S A
102: 1898618991, 2005

12) Yamamura H, Zhang M, Markwald RR et al: A
heart segmental defect in the anterior-posterior
axis of a transgenic mutant mouse. Dev Biol 186:

—170—

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

58-72, 1997

Mjaatvedt CH, Yamamura H, Capehart AA et al:
The cspg2 gene, disrupted in the hdf mutant, is re-
quired for right cardiac chamber and endocardial
cushion formation. Dev Biol 202: 56-66, 1998
Kaufman MH: The atlas of mouse development.
Academic Press (1995)

Cai CL, Liang X, Shi Y et al: Isll identifies a car-
diac progenitor population that proliferates prior to
differentiation and contributes a majority of cells to
the heart. Dev Cell 5: 877-889, 2003

Moorman AF, Houweling AC, de Boer PA et al:
Sensitive nonradioactive detection of mrna in tissue
sections: Novel application of the whole-mount in
situ hybridization protocol. ] Histochem Cytochem
49: 1-8, 2001

Zucker RM, Hunter S, Rogers JM: Confocal laser
scanning microscopy of apoptosis in organogenesis-
stage mouse embryos. Cytometry 33: 348-354, 1998
Smith SM, Cartwright MM: Spatial visualization of
apoptosis using a whole-mount in situ DNA end-
labeling technique. Biotechniques 22: 832-834, 1997
Leonard L, Horton C, Maden M et al: Anterioriza-
tion of crabp-i expression by retinoic acid in the de-
veloping mouse central nervous system and its re-
lationship to teratogenesis. Dev Biol 168: 514—528,
1995

Goodrich LV, Milenkovic L, Higgins KM et al: Al-
tered neural cell fates and medulloblastoma in
mouse patched mutants. Science 277: 1109-1113,
1997

Schaefer KS, Doughman YQ, Fisher SA et al: Dy-
namic patterns of apoptosis in the developing
chicken heart. Dev Dyn 229: 489—499, 2004

Zhang Y, Cao L, Kiani C et al: Promotion of chon-
drocyte proliferation by versican mediated by gl
domain and egf-like motifs. J Cell Biochem 73: 445—
457,1999

Shinomura T, Zako M, Ito K etal: The gene
structure and organization of mouse pg-m, a large
chondroitin sulfate proteoglycan. Genomic back-
ground for the generation of multiple pg-m tran-
scripts. ] Biol Chem 270: 10328-10333, 1995
Zimmermann DR, Ruoslahti E: Multiple domains
of the large fibroblast proteoglycan, versican. Embo
J 8:2975-2981, 1989

Landolt RM, Vaughan L, Winterhalter KH et al:
Versican is selectively expressed in embryonic tis-
sues that act as barriers to neural crest cell migra-
tion and axon outgrowth. Development 121: 2303—
2312,1995

Perris R, Perissinotto D: Role of the extracellular
matrix during neural crest cell migration. Mech
Dev 95: 3-21, 2000

Zou K, Muramatsu H, Ikematsu S etal: A
heparin-binding growth factor, midkine, binds to a
chondroitin sulfate proteoglycan, pg-m/ versican.
Eur ] Biochem 267: 4046-4053, 2000

Sheng W, Wang G, Wang Y et al: The roles of ver-
sican v1 and v2 isoforms in cell proliferation and
apoptosis. Mol Biol Cell 16: 13301340, 2005



29)

30)

31)

32)

33)

Copani A, Uberti D, Sortino MA et al: Activation
of cell-cycle-associated proteins in neuronal death:
A mandatory or dispensable path? Trends Neuro-
sci 24: 2531, 2001

Nakayama K, Nagahama H, Minamishima YA et
al: Targeted disruption of skp2 results in accumula-
tion of cyclin e and p27 (kipl), polyploidy and cen-
trosome overduplication. Embo J 19: 2069-2081,
2000

Muramatsu T: Midkine and pleiotrophin: Two re-
lated proteins involved in development, survival, in-
flammation and tumorigenesis. ] Biochem (Tokyo)
132: 359-371, 2002

Rothbarth K, Spiess E, Juodka B et al: Induction
of apoptosis by overexpression of the DNA-binding
and DNA-pk-activating protein c1d. J Cell Sci 112
(Pt 13): 2223-2232, 1999

Hutson MR, Kirby ML: Model systems for the
study of heart development and disease. Cardiac
neural crest and conotruncal malformations. Semin

34)

35)

36)

37)

38)

27

Cell Dev Biol 18: 101-110, 2007

Kurihara Y, Kurihara H, Oda H et al: Aortic arch
malformations and ventricular septal defect in mice
deficient in endothelin-1. J Clin Invest 96: 293—-300,
1995

Farrell M], Burch JL, Wallis K et al: Fgf-8 in the
ventral pharynx alters development of myocardial
calcium transients after neural crest ablation. J Clin
Invest 107: 1509-1517, 2001

Epstein JA, Li J, Lang D et al: Migration of cardiac
neural crest cells in splotch embryos. Development
127: 18691878, 2000

Vitelli F, Morishima M, Taddei I et al: Tbx1 mu-
tation causes multiple cardiovascular defects and
disrupts neural crest and cranial nerve migratory
pathways. Hum Mol Genet 11: 915-922, 2002
Hutson MR, Zhang P, Stadt HA et al: Cardiac ar-
terial pole alignment is sensitive to fgf8 signaling in
the pharynx. Dev Biol 295: 486-497, 2006

—171—





