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SUMMARY

Establishment of left-right (L-R) asymmetry is
fundamental to vertebrate development. Several genes
involved in L-R asymmetry have been described. In the
Xenopus embryo, Vglactivin signals are implicated
upstream of asymmetricnodal related 1(Xnrl) and Pitx2
expression in L-R patterning. We report here thatZic3
carries the left-sided signal from the initial activin-like
signal to determinative factors such as Pitx2.
Overexpression ofZic3 on the right side of the embryo
altered the orientation of heart and gut looping,
concomitant with disturbed laterality of expression ofXnrl
and Pitx2, both of which are normally expressed in the left
lateral plate mesoderm. The results indicate thatZic3
participates in the left-sided signaling upstream ofXnrl
and Pitx2. At early gastrula, Zic3 was expressed not only
in presumptive neuroectoderm but also in mesoderm.
Correspondingly, overexpression ofZic3 was effective

in the L-R specification at the early gastrula stage, as
revealed by a hormone-inducibleZic3 construct. The Zic3
expression in the mesoderm is induced byctivin S or Vg1,
which are also involved in the left-sided signal in L-R
specification. These findings suggest that an activin-like
signal is a potent upstream activator oZic3 that establishes
the L-R axis. Furthermore, overexpression of the zinc-
finger domain of Zic3 on the right side is sufficient to
disturb the L-R axis, while overexpression of the N-
terminal domain on the left side affects the laterality. These
results suggest thatZic3 has at least two functionally
important domains that play different roles and provide a
molecular basis for human heterotaxy, which is an L-R
pattern anomaly caused by a mutation in humarZIC3.

Key words: Left-right axis determination, Left-right asymmetry,
Heterotaxy/Zic3, Vg1, activin, Pitx2, Xnrl, Xenopus

INTRODUCTION Laterality defects have been induced either by blocking gap
junction communication dorsally or by introducing gap
Establishment of the left-right (L-R) asymmetry of thejunction communication ventrally. Since L-R asymmetric
vertebrate internal organ is one of the most fascinating topiexpression of TGE family genes is not found in théenopus
in developmental biology (Harvey, 1998; Ramsdell and Yostembryo, the mechanism of induction of the later asymmetric
1998; Capdevila et al., 2000). Several genes involved in thgenes by the early symmetric genes is still unclear.
establishment of the L-R axis have been characterized in The late stage of the L-R asymmetry pathway is conserved
various species. In theXenopus embryo, various L-R among many species. The rolesnofial related 1(Xnrl) and
asymmetry regulatory models have been proposed, and thé?éx2 have been investigated extensively (Sampath et al., 1997;
appears to be two stages in this process, which is based on fyan et al., 1998; Campione et al., 1999). In Xemopus
sequential expression of known genes. embryo, both genes are expressed in the left lateral plate
In the initial stage, members of the TGBuperfamily are mesoderm (LPM), which is disturbed by misexpression of
considered to act as L-R coordinators in Xemopusembryo  Vglactivinon the right side of the embryo. Ectopic expression
(Hyatt et al., 1996; Hyatt and Yost, 1998; Ramsdell and Yostf either gene on the right side disturbs the L-R orientation of
1999). Misexpression afglor activinin the right blastomere multiple organsXnrlis considered to regulaRitx2, since the
can disturb the L-R patterning of the visceral organs and heagsymmetric expression ofnrl precedes that oPitx2, and
whereasBmp2 and Bmp4 influence the L-R axis only if the ectopic expression ofnrl inducesPitx2 expression at
misexpressed in the left side, suggesting Wfglfactivinand a corresponding site. The expression Rifx2 continues
BmpZBmp4are involved in the left- and right-sided signaling throughout the process of heart development or gut looping and
pathways, respectively. Some reports have suggested that feeconsidered to be a determinant of organ asymmetry.
gap junction is also involved in the L-R axis establishment in In addition toXnrl and Pitx2, an activin-like signal also
early Xenopugdevelopment (Levin and Mercola, 1998, 1999).plays a role in the late stage Xénopusembryo development



4788 T. Kitaguchi and others

(Lohr et al., 1998; Toyoizumi et al., 2000). Injection of activin A hormone-inducible construct oZic3 (Zic3-GR), was also
protein into the right side of the neurula disturbs the L-Rnjected withlacZmRNA into the dorsal right blastomere of the four-
laterality. Although both the early and late activin-like signalscell stage embryo. Injected embryos were first cultured without
play a crucial role in establishment of the L-R asymmetry, thé€xamethasone. At various stages, the medium was replaced by fresh
mechanism and molecules connecting them are still unknowmef?'”m coggalr,:;lng dexam.eth%sf‘tmze' in which éhfe e”h‘bryos Wsre kept
: : : until stage 25. Misexpression Bftx2 was scored for these embryos
cassegehn(;[{)el’rgtgizl b(%e;bg?goer:e:l thlasgg‘ll;:tgti?gsrlr?err]n@bieﬁ;ac)f after determination of the injected sidefbgal staining. The medium

: . . .consisted of dexamethasone, which was added at a final concentration
the Zic family (Aruga et al., 1994, 1996a,b) of genes, whichy ¢ LM in 0.1x Steinberg’s solution.

encode zinc-finger proteins and are expressed in multiple 1o observe the effects ofenopus Zicdr Xenopus activind on

tissues during development (Yokota et al., 1996; Nagai et aheart and gut looping, mMRNA was injected into the left or right ventral

1997). Individuals with mutatedIC3 suffer from congenital blastomere of four-cell stage embryos. The embryos were cultured

heart disease, caused by cardiac malformation, and shawtil stage 47, and scored for heart and gut orientation.

alterations in visceral situs (Casey et al., 1993). While these For animal cap assay, mRNA was injected into the animal side of

findings are intriguing in terms of how the L-R axis is specifiedWe blastomeres of two-cell stage embryos. Embryos were grown

they have not revealed the roleZd€3in the establishment of Until stage 9 when the animal cap region was excised. The explants

L-R asymmetry. \évere cultured in 056 MMR until the sibling embryo reached stage
We previously demonstrated a role ¥enopus Zic3n the >

development of ectodermal tissue (Nakata et al., 19933is  Construction of deletion mutants and inducible version of

expressed in the prospective neuroectoderm during gastrulatid@it3

and induces the formation of neural and neural crest tissupeletion mutants oKenopus Zichamed XZ3d4 (amino acids 214-

AlthoughZic3 expression was also detected in the mesodermak1), XZ3d6 (amino acids 1-214), and XZ3d7 (amino acids 214-385)

component, the role dfic3in the development of mesodermal were constructed by PCR amplification of the corresponding cDNA

tissue has not been clarified. region (T. N., T. K., J. A. and K. M., unpublished). Zic3-GR was
In the present study, we have investigated the role djenerated by fusing the coding regionZ.dﬂ:%. (amino agids 1-441) to

Xenopus Zicd L-R asymmetry. The results indicate t@at3 a fragment encoding the hormone-binding domain of the human

s : : : lucocorticoid receptor (amino acids 512-777) (Hollenberg et al.,
partlc[pates in the left S_Ign_allng pathway between the I"F?QSS) derived from p64T-Xbra-GR (Tada et al., 1997). These deletion
coordinator and determln_altlve facto_rs at the early gastr_ul&]d inducible constructs were cloned into pCS2+ vector (Turner and
stage. Furthermore, deletion analysis showed that the zinggeintraub, 1994) for mRNA synthesis. Sequencing analysis was
finger domain or N-terminal domain @ic3 is sufficient to  performed to confirm the constructs.
alter the L-R axis, suggesting that these domains are
functionally important in L-R laterality. RNA isolation and RT-PCR assay

Preparation of total RNA and RT-PCR assay were carried out as
previously described (Suzuki et al., 1998¥.1a was used to monitor
RNA recovery. The sibling control embryo served as a positive

MATERIALS AND METHODS control. PCR was also performed with RNA that had not been reverse-
o S o transcribed to check for the DNA contamination. Some primer
Whole-mount in situ hybridization and ~ B-gal staining sequences were obtained from TKenopus Molecular Marker

Whole-mount in situ hybridization was performed essentially afResourcghttp://vize222.zo.utexas.edu/). In addition, we designed the
described by Shain and Zuber (1996) with slight modification. Brieflyfollowing primers for use in this stud¥nrl: 5-AGTCAAGTC-
embryos were cut before hybridization to detect the mesoderm&@TCTGCCAACC-3 5-TCAAAACAACCTCATCT-CCC-3. Pitx2
expression oZic3, Zicl, Zic2 and brachyurymore efficiently. The 5-CTTCAGCCTCTCTTTCCACT-3 5-TCACACGGGTCTGTTT-
proteinase K (1Qug/ml) treatment was extended to 30 minutes toACT-3.

enhance the signal in the LPM. Digoxigenin-labeled probes were

synthesized foKenopus Zic3Zicl, Zic2 (Nakata et al., 1997, 1998)

Xenopus brachyurgSmith et al., 1991)Xnr1 (Jones et al., 1995) and RESULTS

Xenopus PitxZRyan et al., 1998)3-gal staining was carried out as

described (Vize et al., 1991). Right-sided Zic3 overexpression alters heart and gut

Embryo manipulation looping ) o ) ]
Xenopus laevisvere purchased from Hamamatsu Seibutsu Kyozail© @ssess the involvement 8ic3 in L-R axis establishment,
(Shizuoka, Japan). Embryos were obtained from hCG-injected aduiY€ first examined the effect of unilateit3 overexpression
pigmented females by in vitro fertilization. The jelly coats wereon heart and gut lateralitZic3 mRNA was injected into the
removed by immersing the embryos in 1% sodium mercaptoacetateft or right side of embryos. The embryos were cultured until
(pH 9.0) for a few minutes. Embryos were cultured ix@feinberg's  stage 47 when the L-R laterality of the heart and gut was
solution and staged according to Nieuwkoop and Faber (1967).  clearly observed. In the normXkenopustadpoles, the heart
Chlv!ict(oinjelcgtié)g)wa; CN?A”i]?d out ats. previously ‘zﬁscribzdb('\"‘?o” ,?”Q/entricle is situated on the left side with the outflow trace
ristian, . m or injection was synthesized by in vitro ; ; ; : ;
transcription. mRNA fronXenopus Zic3Zicl, Zic2, Xenopus activin I(:Oooupr:?grclfckt\/r\]/i(aseng(]lr:]itg.Slgg).(Fggilo&v?rzé ?rrl}gctﬁgﬁs g(l%cé:oﬂs

B (Sokol et al., 1991), humaaLlI1 (Kinzler et al., 1988) oKenopus . : - S
Zic3 deletion constructs were injected wittZ mRNA into the left MRNA into the right side of the embryo, a significant number

or right dorsal blastomere of four-cell stage embryos. Injecte@f the embryos showed situs abnormalities in the heart (Fig.
embryos were cultured until stage 22 or stage 25 to détedtor ~ 1C) and gut (Fig. 1D). The frequency was comparable with that
Pitx2 expression, respectively. MisexpressiorXof1 andPitx2was ~ caused by the right-sided injectionaxtivin mRNA (Fig. 1E,
scored after determination of the injected sidg34mal staining. Table 1). In contrast, injection &ic3 mMRNA into the left
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Table 1.Zic3 injection induces reversed heart and gut A
laterality
Zic3injected
activin

L R R Control
Normal 124 (16/124) 92 (18/92) 73 (9/73) 84 (3/84)
Reversed heart 0 13 (7/13) 13 (6/13) 0
Reversed gut 3 2 2 0
Reversed heart and gut 1 5 8 0
% Reversed organs 3 18 24 0

The number of abnormal morphology of gut looping are given in C 1 ) fimd "

parentheses.

blastomere resulted in fewer in situ abnormalities, suggesti
that Zic3 acts in the left signaling pathway of the L-R axis
establishment process.

Zic3 regulates the asymmetric expression of ~ Xnrl
and Pitx2

To determine the molecular basis of the above result, we ne
examined the expression ofnrl and Pitx2 with Zic3
overexpression in tailbud stage embryo. In most contrc
embryos XnrlandPitx2 were expressed in the left LPM (Fig.
2A,B,E,F). WhenzZic3 was overexpressed on the right side,

ectopic expression of both markers was observed in the rig
LPM (Fig. 2C,D,G,H). Overexpression dic3 on the left side n
caused bilateral or right LPM expression in fewer embryo: &
(Fig. 21,J; Table 2). Thus, the change in lateralitXofl/Pitx2
L R R

expression was correlated well with that of the heart and gu
Moreover, these results showed thaB acts upstream ofnrl Zic3 activin control
andPitx2 in the establishment of the L-R axis.

E

[ ad
= =

=

% reversed organs

i . ) . Fig. 1. Reversal of heart and gut loopingdit3-injected embryos.
di Theb r(;gw sided oyeregﬁrissugg_ dgcé anz(lj JZII_CI:_Zb?ISZO (A,B) Wild-type Xenopusmbryo (stage 47) with a rightward
isturbed the expression XfrlandPitx2 (Fig. 21,J; Table 2), looping heart and counterclockwise coiled gut. (C,D) Embryo that

but to a lesser extent to that seen vitb3 overexpression.  \as injected with 50 pg dic3 on the right side, with a leftward

Overexpression of another zinc-finger protédt,|1, did not  |ooping heart and a clockwise coiled gut. (E) The frequency of

disturb the laterality oKnrl and Pitx2 expression, indicating reversed organs. Right-sidZit3injection altered heart and gut

that the ability to control L-R axis specification is specific tolooping more frequently than left-sided injection (see also Table 1).

Zic family proteins. The inversion frequency kactivininjection (0.5 pg) was determined
in a positive control.

Zic3 is symmetrically expressed in the mesoderm

We next examinedic3 expression. However, we did not find
L-R asymmetric expression d@ic3 at any stage (Fig. 3B,F,H, expressed in prospective neuroectoderm and dorsal lip at the
data not shown). We have previously shown tHet3 is  early gastrula stage (Nakata et al., 1997). In addition to the

Table 2.Zic3 injection disturbs the expression oXnrl and Pitx2

(A) Xnrl expression

Zic3injection activininjection Ziclinjection Zic2injection GLI1 injection

L R L R L R L R L R Control
Left 59 23 19 15 14 15 21 22 23 17 97
Right 2 12 0 2 1 1 1 1 0 0 0
Bilateral 19 25 0 12 4 2 2 4 1 0 4
% Altered expression 26 62 0 33 26 46 13 91 4 0 4
(B) Pitx2 expression

Zic3injection activininjection Ziclinjection Zic2injection GLI1 injection

L R L R L R L R L R Control
Left 65 32 24 23 22 17 21 27 15 17 90
Right 1 4 0 7 0 0 0 0 0 0 0
Bilateral 2 14 0 5 0 3 0 2 0 0 0
% Altered expression 4 36 0 34 0 51 0 7 0 0 0
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control control Zic3 inj Zic3 inj

G H =

pitx2

Fig. 2. Asymmetric expressior
of XnrlandPitx2is disturbed
by Zic3. In situ hybridization of
Xnrl(A-D) andPitx2 (E-H).
XnrlandPitx2 expression was
observed in the left LPM
(A,B,E,F).Zic3(100 pg)-
injected embryos show bilatel

(C,G) orright side (D,H)

expression. The frequency of

disturbedXnrl (1) or Pitx2 (J) 20+
expression by left or right side

pg), GLI1 (1000 pg) orctivin rl = .

e
o

Xnrl

.
s

[ ]
S
T
% altered expression

% altered expression

Zic3, Zic1 (250 pg),Zic2 (100

o\ A L R L R L R L R L. R LR . . L R
(0.5 pg) injection. Zie3  activin  Ziel  Zic2  GLII  control activin z.c1 Zch GLII  control

neuroectodermZic3 expression was observed in the ring ofthe unilateral overexpression assay. Moreaief3 is the only
involuting mesoderm (Fig. 3B,D) as indicated by themember that has been shown to be involved in the L-R
comparison with brachyury expression (Fig. 3A,C)Zic3  specification process in other species.

expression in mesoderm is stronger on the dorsal side. The

mesodermal expression Bfc3 was diminished in the region Overexpression of the zinc-finger domain or

surrounding the blastopore (Fig. 3F,H) whémachyuryis  N-terminal domain of Zic3 is sufficient to disturb the
expressed (Fig. 3E,G) at stage 12. Significant expressidaR axis

remained in the lateral mesoderm at stage 12 and was hardig a first step towards elucidating the molecular mechanism of
detectable after stage 14 (data not shown). The expressionZit3mediated L-R axis establishment, we performed a
Zic3in mesoderm, especially in the organizer region, may bstructure-function analysis using three deletion constructs.
related to the L-R specification, because the organizer playsnaRNA for XZ3d4 (zinc-finger domain and C-terminal
crucial role in the establishing the L-R axis (Danos and Yostlomain), XZ3d6 (N-terminal domain) or XZ3d7 (zinc-finger
1995). The expression &fcl andZic2is also observed in the domain) was injected into right or left blastomeres (Fig. 4A).
dorsal mesoderm (Fig. 3K,L) in a L-R symmetrical fashionThe laterality was then assessed by the expressinrafand
(data not shown). Taken together with the results of th®itx2in the LPM.

overexpression experiments, the Zic family may be involved in Overexpression of each of these constructs resulted in L-R
L-R specification in a similar mannegic3 was used in the disturbance (Fig. 4B,C; Table 3). Either the zinc-finger domain
following experiments as an representative Zic family gen@lone or the N-terminal domain alone was sufficient to alter the
becauseic3 showed the strongest L-R disturbing activity in L-R axis, suggesting that there are at least two functionally

Table 3. Deletion mutants ofZic3 can disturb the expression oXnrl and Pitx2

(A) Xnrl expression

Zic3injection XZ3d4 injection XZ3d6 injection XZ3d7 injection Zic3+XZ3d6 injection

L R L R L R L R L R Control
Left 59 23 57 49 20 44 21 12 18 10 97
Right 2 12 0 8 6 1 0 2 1 1 0
Bilateral 19 25 8 25 20 17 1 4 7 6 4
% altered expression 26 62 14 40 57 29 5 33 31 41 4
(B) Pitx2 expression

Zic3injection XZ3d4 injection XZ3d6 injection XZ3d7 injection Zic3+XZ3d6 injection

L R L R L R L R L R Control
Left 65 32 25 27 38 40 16 12 13 8 90
Right 1 4 1 4 0 0 1 1 0 0 0
Bilateral 2 14 1 9 0 0 1 9 0 2 0

% Altered expression 4 36 7 33 0 0 11 45 0 20 0
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brachyury i A | zinc finger
Zics I
xzads .
XZ3d6 | |
XZ3d7 [ ]
B
601 Xnrl

20+

% altered expression
5
T

LR L R L R L R L R
Zic3  XZ3d4 XZ3d6 XZ3d7  Zic3 control
XZ3d6

11 |

ZIcS XZSd4 XZSdG X23d7 ZIcS control

(@)

Pitx2

% altered expression
8
T

Fig. 4. Zinc-finger domain or N-terminal domain dic3 alone can
disturb the L-R axis. (A) Deletion constructsZi€3 used in this
experimentXnrlor Pitx2 expression irZic3- (100 pg), XZ3d4- (500
pg), XZ3d6- (1000 pg) or XZ3d7- (500 pg) injected embryos. The
frequency of the disturbeéinrl (B) or Pitx2 (C) expression by the
left or right side injections.

To clarify whether XZ3d6 has a dominant-negative effect on
Fig. 3.Zic3is expressed in the mesodermal tissues at early gastrulaZic3, XZ3d6 was co-injected witHic3 (Fig. 4B,C, Table 3).
Zic3is expressed in the ring of involuting mesoderm (B,D) like the Right side injection of XZ3d6 attenuated the laterality

pan-mesodermal markdmachyury(A,C) at stage 10.5. Arrows disturbance caused IBic3 overexpression in the right side.
indicate blastopore. In C,D, embryos were cut along the broken lineFurthermore, the disturbance by left side XZ3d6 injection into
shown in (I). At stage 1Zic3is not detected in involuting the left side was rescued by co-injectionZi¢3. The results
mesoderm (F,H) in contrast boachyury(E,G). White arrows  ~ jndicate that XZ3d6 is a dominant-negative repressatias;
'('3‘)1';'?‘“1*(3’%”‘ pldugl. (ZCELI;) Emblryos were C‘g gloQg the bré)ke” ':“e Nand that the laterality disturbance by the left-sided XZ3d6
.Zic andZic are also expressed in the mesodermal S : o
tissues at Qarly gastrula. Arrows indicate blastopore. bp, blastopore;InJecuon may result from a block of endogendis3 activity.
D, dorsal side; V, ventral side; yp, yolk plug. Zic3 is involved in the establishment of L-R

asymmetry at early gastrula stage

important domains. Interestingly, XZ3d6 injection into the leftTo examine wherZic3 is involved in regulation of L-R axis
blastomere disturbed thénrl expression more severely than formation, we constructed the Zic3-GR construct, in which the
that into the right, while XZ3d4 or XZ3d7 more frequently hormone-binding domain of the human glucocorticoid receptor
disturbed the L-R axis when injected into the right side, similais fused to Zic3 protein (Fig. 5A). Glucocorticoid receptor
to full-length Zic3. However, the effect of XZ3d6 was limited fusion proteins have been used in the analysis of several
to the laterality ofXnrl, not Pitx2, expression. Although the proteins, including a Zic family protein (Hollenberg et al.,
frequency of disturbed expression ¥hrl by XZ3d6 is 1993; Kolm and Sive, 1995; Tada et al., 1997; Kuo et al., 1998).
comparable with that of full-lengtizic3, the intensity of Addition of dexamethasone caused the formation of pigment
ectopic expression by XZ3d6 is weaker than that of full-lengtleell clusters in Zic3-GR-expressing embryo and the induction
Zic3 (data not shown). We therefore hypothesize that XZ3d®f neural marker in animal cap explants (data not shown). Since
partially disturbs the L-R signaling pathway. these phenotypes were typically foundin3 mRNA-injected
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A embryos (Nakata et al., 1997), this Zic3-GR hormone-
zinc finger inducible system was considered to be effective.
zics | [ R Zic3-GR was injected into the right side of the embryo, and
dexamethasone was added at various stages to analyze when
. 7 Zic3is involved in L-R laterality (Fig. 5B; Table 4). Zic3-GR
Zic3GR | - disturbed the expression @itx2 on the left side when

dexamethasone was added at late blastula or early gastrula

stage (stage 9, 10.5) but not at late gastrula stage or later (stage

B 12, 14), indicating thafic3 specifies L-R laterality at the early
gastrula stage.

c 30 Pitx2

- Vg1 and activin can induce Zic3 expression in the

ool mesoderm

& We next examined the relationship betw@g/activinandZic3.

§ Both Vglandactivin are candidates for the initial coordinator of

= 10- the left signaling pathway ienopusembryos. Whemctivin or

B Vgl was overexpressed unilaterally, mesodermal expression of

i | Zic3 was enhanced in the injected side (Fig. 6A). Consistent

Zi3GR  + N * + + ) results were obtained by animal cap explant assay. Wipear

DEX 9 s105 s12 s14 - SO activin was overexpressed in the explafit3 was induced as
Fig. 5. Zic3 specifies the L-R laterality at early gastrula stage. monitored by RT-PCR assay (Fig. 6B,C). Expression of the genes
(A) Hormone-inducible construct @ic3 used in this experiment. for the neural markers, neural cell-adhesion molecule and
(B) Disturbed expression itx2in Zic3-GR (100 pg) injected neurogenin, was not induced, but that of the mesodermal marker
embryo when dexamethasone was added at several stages. The  muscle actin was induced, indicating that the inductiogic8
frequency of the disturbeeitx2 expression by the right-sided represents expression in mesodermal tissue not neuroectoderm.
injections. DEX, dexamethasone; hGR, human glucocorticoid In addition to Zic3, Xnrl and Pitx2 were also induced by
receptor. Vglactivininjection. Therefore, the left signaling cascade in the

embryo may operate in animal cap explants.

A
D \Y% DISCUSSION
Zic3 acts in the left signaling pathway

In the series oZic3 overexpression assays, overexpression on
the right side always caused a more frequent L-R pattern
disruption than injection in the left side. It has been reported

that overexpression ofnrl andPitx2 on the right side of the
embryo results in the L-R axis disturbance (Sampath et al.,
1997; Ryan et al., 1998; Campione et al., 1999), and that
activi’'iVgl mRNA injection into the right side of the embryo

=] =]
& - o = £ 9= ;
B € e £ 2 C T & £ 3 resulted in disturbance of the L-R axis (Hyatt et al., 1996; Hyatt
b 5 M bR 3@ and Yost, 1998; Ramsdell and Yost, 1999), suggesting that
Zies w— Zic3 | - — these genes andic3 share a similar role in L-R body axis
xorl [ Xorl — development irKenopusembryos.
pitx2 “ pitx2 - - an IIBIn mice, mrt:tatic:ns irﬁ’itx; Noda], Srrzﬁdmr alcti\iigggaclt_eptor I
et ) cause right pulmonary isomerism (Lu et al., ; Lin et al.,
rractin. S - et [N o 1999; Kitamura et al., 1999; Nomura and Li, 1998; Oh and Li,
N-CAM g —— N-CAM [ " 1997). In chickPitx2, NR1, ActRllaandactivin 3 are involved
neurogenin e neurogenin m—" in L-R asymmetry (Ryan et al., 1998; Logan et al., 1998; Piedra
EFlc [r— EFic. -— - et al., 1998; Yoshioka et al., 1998; Levin et al., 1995, 1997).

Therefore, the mechanism of L-R body axis establishment is well
Fig. 6. Vglandactivincan induceZic3in the mesoderm. (Afic3is conserved, meaning that our results with Xlemopusunilateral
expressed symmetrically in wild-type embryAg:3 expression was  overexpression assay are likely to be generally relevant. Based on
enhanced in the mesoderm at stage 10.5 Mger{1000 pg) or analogy to these genes, we hypothesizeziieatis also involved
activin (5 pg) was injected into the lateral side of one bla_stomere at in the signaling pathway that confers the left identity in various
the two-cell stage. Embryos were cut along the broken line shown. species, including humans, in which ZC3 mutation is

RT-PCR analysis of animal cap explants from embryos injected with . .
Vg1 (250 pg) (B) omctivin (1 pg) (C) at stage 2ic3, Xnriand responsible for heterotaxy (Gebbia et al., 1997).

Pitx2 are induced by both gend&glor activininduce the . o . .
mesodermal markem-actin but not the neural markerseural cell- Location (_)f Zic3 in the L-R 5|gn'a.llng Czliscade ]
adhesion molecul@N-CAM) andneurogenin. EF& was used to We examined whetha&rglandactivin, which are potential L-
monitor RNA recovery. R coordinators at the early stages of L-R specification, can
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Significance of the spatial distribution of Zic3 to L-R
asymmetry

While the overexpression experiment indicated thaB is
involved in the development of L-R asymmetry, we found no
asymmetric expression @fc3. This could be because th&3

I

1

:

|

activin-like signal
(activin, Vgl) —1 BMPSALK2

|

gradient of small molecules that can pass through the gap
junction (Levin and Mercola, 1998, 1999) would be a potential
explanation.

We can not rule out the possibility that there is an L-R
difference in the levels dfic3 transcripts, which would not
be detected by whole-mount in situ hybridization. Generally,

pathway. Activation of thactivin-like signaling pathway on the left asymmetrically expressed genes such sasic hedgehog

side induceic3, andZic3 specifies the left identity by the induction (Shh, Fgf8,_ activin B and activin _recep.tor ”A near the .
of Xnrl andPitx2. node/organizer have been described in chick, but not in

Xenopusand mouse (Capdevila et al., 2000). Some unknown
structural features might make it difficult to detect the
induce Zic3 expression in mesodermal tissue. These factordsymmetrical expression in the latter species.
induced the expression Bic3in both embryos and the explant ~ Previous studies have shown that the organizer/node plays
tissue. Thus, it is possible thag/activin acts as an upstream critical roles in the development of the L-R axis (Danos and
factor ofZic3 for L-R axis establishment. Yost, 1996; Nascone and Mercola, 1997; Lohr et al., 1997).
Of the various downstream genes we tested] andPitx2 ~ The modification of organizer function by UV irradiation or
showed altered expression in the LPM witke3 unilateral ~ misexpression ofXwnt8 leads to randomization of heart
overexpressionPitx2 is involved in organ asymmetry in laterality in thexenopugmbryo (Danos and Yost, 1995). Since
several speciesXnrl has also been shown to regulate theZic3is expressed in the organizer region, it may play a role in
laterality of Pitx2 expression and its expression in LPM L-R specification by supporting an organizer function. In this
precedes that d?itx2 (Campione et al., 1999). In our studies, respect, the roles &ft/right dyneininversin Kif3a andKif3b
Zic3andzic3 deletion mutants always caused a more frequerdre interesting because mice carrying mutations in these genes
L-R disturbance iXnrl expression than iRitx2 expression. show impaired motile nodal cilia, which generate a leftward
This is particular to XZ3d6, which disturb&rl expression, flow to produce a gradient in the node (Okada et al., 1999;
but has no influence on th@itx2 expression. These Takeda et al, 1999; Nonaka et al, 1998). If a similar
observations may reflect a more determinative actidtita®? ~ mechanism underlieXenopusL-R developmentZic3 may
in the establishment of the L-R axis. regulate or induce expression of these molecules in the
The Zic3-GR construct revealed ttZit3is involved in the ~organizer region to establish the asymmetric expression of
L-R asymmetry at early gastrula stage. The expressidigbf XnrlandPitx2.
andactivin 8 is maternal (Melton, 1987; Suzuki et al., 1994),
and the asymmetric expressionXfrl andPitx2 in the LPM Deletion mutants of Zic3 are sufficient to affect the
starts at stage 20 and stage 25, respectively (Lohr et al., 1997R laterality
Campione et al., 1999). Therefore, in temporal tedics3is  Although the precise role of the Zic3 protein has not been
expressed betweergVactivin and Xnr1/Pitx2. clarified, our structure-function study revealed that the zinc
Based on these results, we propose the cascade shown in Figger domain (XZ3d4, XZ3d7) or N-terminal domain (XZ3d6)
7. Zic3receives a signal from the initial L-R coordinator whichis sufficient to affect the L-R laterality. Moreover, the N-
may be aractivin-like factor /g1, activin), and transfers this to terminal domain affects the laterality more efficiently on the
the L-R determinative factors, suchRi&2, in cooperation with  left side, in contrast to the zinc-finger domain. We therefore
other asymmetrically expressed factors. The regulatory cascattenk that at least two kinds of Zic3-interacting molecules are
may lie in a crucial part of the left-side signaling cascade. involved in the L-R signaling cascade.

'

L eft

| protein is asymmetrically modified or processed, and
Zic3 | smads qualitatively different Zic3 proteins are therefore distributed
¢ ! asymmetrically. Otherwise, if a homogenous Zic3 protein is
nrl | Right distr_ibuted symmetrically, we have to ppstulate the regulation
‘ ! of its _functlon by other _asymmetrlcally expres_sed or
Rt | functioning molecules. In this respect, the hypothetical L-R
|
|
I
I
I

Fig. 7. A hypothetical model for the involvement @ic3in the L-R
axis formation inXenopusZic3 mediates the left-sided signaling

Table 4.Zic3 determines the laterality of Pitx2 expression at early gastrula stage

Zic3-GR
Zic3-GR Zic3-GR Zic3-GR Zic3-GR No Dexamethasone
Stage 9 Stage 10.5 Stage 12 Stage 14  dexamethasone only
Left 19 25 35 41 22 41
Right 4 4 0 0 0 0
Bilateral 4 6 0 0 1 0

% Altered expression 30 29 0 0 4 0
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We have previously shown that the zinc-finger domain of thelarvey, R. P. (1998). Links in the left/right axial pathwagell 94, 273-
Zic family can bind to the target DNA sequence of Gli (Aruga 276.

et al., 1994). The Gli proteins have a similar zinc-finger domai
to the Zic family (Aruga et al., 1994; Nakata et al., 1998).

hiollenberg, S. M., Weinberger, C., Ong, E. S., Cerelli, G., Oro, A., Lebo,

R., Thompson, E. B., Rosenfeld, M. G. and Evans, R. N1L985). Primary
structure and expression of a functional human glucocorticoid receptor

Therefore, Zic3 may interact with the target DNA sequence ¢DNA. Nature318 635-641.
through this domain to modify Gli protein function. However, Hollenberg, S. M., Cheng, P. F. and Weintraub, H(1993). Use of a

overexpression o&LI1 did not affect the L-R laterality in the

Xenopusembryo. It is possible that other Gli family proteins
are involved in the L-R asymmetry, because Shh signal, whic

conditional MyoD transcription factor in studies of MyoD trans-activation
and muscle determinatioRroc. Natl. Acad. Sci. US80, 8028-8032.

Iﬁyatt, B. A., Lohr, J. L. and Yost, H. J.(1996). Initiation of vertebrate left-
right axis formation by maternal VgMNature384, 62-65.

the Gli proteins are considered to mediate (Lee et al., 199¥yatt, B. A. and Yost, H. J.(1998). The left-right coordinator: the role of
Ruiz i Altaba, 1998), plays a role in L-R asymmetry in several Vgl in organizing left-right axis formatioell 93, 37-46. .
species. Further investigation of the role of Gli proteins in thdones, C. M., Kuehn, M. R., Hogan, B. L., Smith, J. C. and Wright, C. V.

development of the L-R axis is required.

(1995). Nodal-related signals induce axial mesoderm and dorsalize

mesoderm during gastrulatioDevelopmeni21, 3651-3662.

Another Zic3-interacting factor may bind to the N-terminalkinzler, k. W., Ruppert, J. M., Bigner, S. H. and Vogelstein, B(1988). The
domain of Zic3. Since XZ3d6 has a dominant-negative GLI gene is a member of the Kruppel family of zinc finger proteiasure
function against the Zic3, the N-terminal protein may compete 332 371-374. _
with endogenous zic3 for the presumptive Zic3-interacting<itamura, K., Miura, H., Miyagawa, T. S., Yanazawa, M., Katoh, F. Y.,

factor. Five distinct mutations in the zinc-finger domain of

Suzuki, R., Ohuchi, H., Suehiro, A., Motegi, Y. et al.1999). Mouse Pitx2
deficiency leads to anomalies of the ventral body wall, heart, extra- and

Z|C3 Cause_hetemtaxy (erbia et al., 1997), whereas nNOperiocular mesoderm and right pulmonary isomeriBravelopmentL26,
individuals with a null mutation of ZIC3 have been found. The 5749-5758. _ N o _
mutated genes in individuals with heterotaxy may produce alfe'm, P. J. and Sive, H. L.(1995). Efficient hormone-inducible protein

intact N-terminal domain, yet the protein can disturb thq<

laterality of the human embryo.
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